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ABSTRACT
P U R I F I C A T I O N ,  CHARACTERI ZATI ON AND D I S T R I B U T I ON  OF 
A CALMODULI N- DEPENDENT PROTEI N KI NASE FROM RAT BRAI N CYTOSOL
James R i c h a r d  G o l d e n r i n g  
Y a I e  Un i ve r s  i +y 
1 984
2 +
T u b u l i n  i s  a m a j o r  e n d o g e n o u s  s u b s t r a  + e f o r  Ca
c a l m o d u l i n - d e p e n d e n t  k i n a s e  a c t i v i t y  i n r a t  b r a i n  c y t o s o l .
T h i s  d i s s e r t a t i o n  d e t a i l s  t h e  p u r i f i c a t i o n  and
c h a r a c t e r i z a t i o n  of  a c a l m o d u l i n - d e p e n d e n t  t u b u l i n  k i n a s e
f r o m r a t  b r a i n  c y t o s o l .  T h e  k i n a s e ,  p u r i f i e d  f r o m  c h e l a t e d
b r a i n  c y t o s o l  by s e q u e n t i a l  c h r o m a t o g r a p h y  on
p h o s p h o c e I  l u I o s e ,  c a I n o d u  I i n - a f f i n i t y  r e s i n ,  and F r a c t o g e l
T S K - 5 5 F ,  c o n t a i n s  t wo  c a l m o d u l i n - b i n d i n g ,  a u t o p h o s p h o r y  I a t i n g
s u b u n i t s  of  5 2 , 0 0 0  and 6 3 , 0 0 0  d a l t o n s ,  d e s i g n a t e d  r h o  and
s i gma ,  r e s p e c t i v e l y .  T h e  k i n a s e  h o l o e n z y me  c o m p l e x  has a
n a t i v e  m o l e c u l a r  w e i g h t  of  6 0 0 , 0 0 0  d a l t o n s .  3 o t h  k i n a s e
s u b u n i t s  d e m o n s t r a t e  i s o e l e c t r i c  p o i n t s  n e a r  n e u t r a l i t y .  The
k i n a s e  p h o s p h o r y  I a t e d  m i c r o t u b u l e - a s s o c i a t e d  p r o t e i n  2 ,  a l p h a
t u b u l i n  and  b e t a  t u b u l i n  as  ma j o r  s u b s t r a t e s .  C a l m o d u l i n -
d e p e n d e n t  p h o s p h o r y l a t i o n  of  t h e s e  p r o t e i n s  o c c u r r e d  on
2 +
d i f f e r e n t  s i t e s  t h a n  Mg / c A M P - d e p e n d e n t  p h o s p h o r y l a t i o n .
The c a l m o d u l i n  k i n a s e  d i s p l a y e d  a c h a r a c t e r i s t i c  p a t t e r n  of  
60? o f  b e t a  t u b u l i n  p h o s p h o r y l a t i o n  on t h r e o n i n e  r e s i d u e s .
The e n d o g e n o u s  a s s o c i a t i o n  of  t h i s  k i n a s e  w i t h  t u b u l i n  
was e s t a b l i s h e d  t h r o u g h  t h e  i s o l a t i o n  of  a t u bu I i n - c a  I modu I i n
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k i n a s e  c o m p l e x  f r o m  r a t  b r a i n  c y + o s o l  by s e q u e n t i a l  
c h r o m a t o g r a p h y  on DEAE- ce I Iu I o s e ,  S e p h a c r y l  S - 3 0 0  and  
F r a c t o g e l  T S K - 6 5 F .  The k i n a s e  c o mp l e x e d  w i t h  t u b u l i n  was 
i d e n t i c a l  by a l l  c r i t e r i a  i n c l u d i n g  s u b u n i t  c o m p o s i t i o n ,  
s u b u n i t  p r o p e r t i e s ,  and k i n a s e  f u n c t i o n  t o  t h e  p u r i f i e d  
c a l m o d u l i n - d e p e n d e n t  k i n a s e .  The  a s s o c i a t i o n  o f  t h e  k i n a s e  
w i t h  m i c r o t u b u l e  p r e p a r a t i o n s  was a l s o  d e m o n s t r a t e d .  
M i c r o t u b u l e  p r e p a r a t i o n s  c o n t a i n  c a l m o d u l i n - d e p e n d e n t  k i n a s e  
a c t i v i t y  w i t h  s i m i l a r  p r o p e r t i e s  t o  t h e  p u r i f i e d  c a l m o d u l i n  
k i n s a e .  T h e s e  d a t a  s u g g e s t  t h a t  c a l m o d u l i n - d e p e n d e n t  k i n a s e  
may m e d i a t e  t h e  d e s t a b i l i z i n g  e f f e c t s  of  c a l m o d u l i n  on 
mi c r o t u b u  l e s .
F i n a l l y ,  t h e  ma j o r  p r o t e i n  c o mp o n e n t  of  t h e  p o s T s y n a p t i c  
d e n s i t y  was shown t o  be e s s e n t i a l l y  i d e n t i c a l  t o  t h e  r h o  
s u b u n i t  of  p u r i f i e d  c a l m o d u l i n - d e p e n d e n t  k i n a s e .  T h u s ,  t h e  
a p p a r a n t  p a n s y n a p t i c  l o c a l i z a t i o n  of  t h i s  k i n a s e  i m p l i c a t e s  
i t  as an i m p o r t a n t  r e g u l a t o r  o f  c y t o s k e l e t a l  d y n a mi c s .
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CHAPTER 1
I NTRODUCTI ON:  NEURONAL CYTOSKELETON,  TUBULI N AND CALMODULI N
1
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The c y t o s k e l + o n  i s  t h e  b u l w a r k  o f  t h e  n e u r o n ,  
r e s p o n s i b l e  m a c r o s c o p i c a I  I y  f o r  t h e  m a i n t a i n a n c e  o f  c e l l  
sh a p e  and p o s i t i o n .  Once c o n s i d e r e d  i m m u t a b l e ,  t h e  
c y t o s k e l e t o n  i s  now r e c o g n i z e d  as  a p l i a b l e  c o mp o n e n t  o f  
c e l l u l a r  s t r u c t u r e .  C y t o s k e l e t a l  e l e m e n t s  i n c l u d i n g  a c t i n  
f i l a m e n t s ,  m i c r o t u b u l e s ,  i n t e r m e d i a t e  f i l a m e n t s  and  
n e u r o f i l a m e n t s  have  been i m p l i c a t e d  i n t h e  r e g u l a t i o n  and  
c o o r d i n a + i o n  o f  many d y n a mi c  c e l l u l a r  p r o c e s s e s .  The  
f o r m a t i o n  and d i s s o l u t i o n  o f  t h e  m i t o t i c  s p i n d l e  d u r i n g  c e l l  
d i v i s i o n  r e m a i n s  t h e  most  o b v i o u s  e x a m p l e  o f  t h e  d y n a mi c  
c a p a c i t y  o f  c y t o s k e l e t a l  e l e m e n t s ,  i n t h i s  c a s e  m i c r o t u b u l e s  
( S a l m o n ,  1 9 7 5 ) .  S t i l l ,  i n c r e a s i n g  e v i d e n c e  s u g g e s t s  t h a t  
m i c r o t u b u l e s  and f i l a m e n t s  a r e  i n a c o n s t a n t  s t a t e  o f  f l u x ,  
c o n s i s t e n t  w i t h  t h e i r  r o l e  as r e g u l a t o r s  o f  numer ous  
p r o c e s s e s  i n t h e  t r a b e c u l a r  me s hwo r k  o f  c e l l u l a r  c y t o p l a s m  
( M c I n t o s h ,  e t  a I . ,  1 9 7 5 ;  S a l m o n ,  1 9 7 5 ) .  T h u s ,  a number  o f  
i n v e s t i g a t o r s  have  s o u g h t  t o  s t u d y  me c h a n i s ms  by w h i c h  t h e  
c o mp o n e n t s  o f  c y t o s k e l e t a l  e l e m e n t s  can be m o d i f i e d .  The  
e l u c i d a t i o n  o f  t h e s e  m o d i f i c a t i o n s  may p r o v i d e  i n s i g h t  i n t o  
i m p o r t a n t  mec h a n i s ms  f o r  t h e  r e g u l a t i o n  o f  c e l l u l a r  d y n a m i c s .
The c y t o s k e l e t o n  o f  n e u r o n s  i s  e s p e c i a l l y  d i v e r s e  in  
o r d e r  t o  m a i n t a i n  t h e  s p e c i a l i z e d  d o ma i n s  c h a r a c t e r i s t i c  o f  
t h e i r  s t r u c t u r e  ( B r a y  and G i l b e r t ,  1 9 8 1 ) .  A l ong  
m i c r o t u b u l a r  a x i s  s t r e t c h e s  o u t  f r o m  t h e  c e l l  body i n t o
2
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d e n d r i t e s  and t h e  axon ( Sc h na p p  and R e e s e ,  1 9 8 2 ) .  The  
m i c r o t u b u l e  a x i s  i s  e s s e n t i a l  f o r  t h e  m a i n t e n a n c e  o f  
b i d i r e c t i o n a l  t r a n s p o r t  o f  p r o t e i n s  ( B r i m i j o i n ,  1 9 7 5 ) ,  
membr ane  v e s i c l e s  ( B a n k s ,  e t  a l . ,  1 9 7 1 ) ,  and o r g a n e l l e s  
( F o r m a n ,  e t  a l . ,  1 9 7 7 ;  T s u k i t a  and I s h i z u k a ,  1 9 8 0 )  b e t we e n  
t h e  c e l l  body and t h e  a x o n a l  and d e n d r i t i c  e n d i n g s .  The  
d i s t a n c e s  r e q u i r e d  may e x c e e d  2 m e t e r s  ( i n  t h e  c a s e  o f  t h e  
s a c r a l  s p i n a l  n e r v e s ,  f o r  e x a m p l e ) .  A meshwor k o f  10 nm 
n e u r o f i l a m e n t s  and m i c r o f i l a m e n t s  a r e  a r r a n g e d  as a 
t r a b e c u l a r  n e t w o r k  c o m p r i s i n g  an i n t e r c o n n e c t i n g  meshwor k  in 
t h e  c y t o p l a s m  l i n k e d  t h e  a s u b - p l a s m a  membrane  
c y t o a r c h i t e c t u r e  ( G u l l e y  and R e e s e ,  1 9 8 1 ;  Schnapp and R e e s e ,  
1 9 8 2 ;  L a n d i s  and R e e s e ,  1 9 8 3 ) .  A f i b r o u s  a n c h o r  wh i c h  l i e s  
j u s t  deep t o  t h e  p l a s ma  membrane a p p e a r s  t o  be s i m i l a r  t o  t h e  
s p e c t r i n  meshwork w h i c h  has been w e l l  c h a r a c t e r i z e d  in  
e r y t h r o c y t e  membr anes  ( Z i p a r o ,  e t  a l . ,  1 9 7 8 ) .  T h e s e  
f i l a m e n t s  composed o f  s p e c i a l i z e d  n e u r o f i l a m e n t  " t r i p l e t "  
p r o t e i n s  ( L i e m ,  e t  a l . ,  1 9 7 8 ;  S h e l a n s k i  and L i e m ,  1 9 7 9 ) ,  
a c t i n  ( M o o s e k e r ,  e t  a l . ,  1 9 7 5 ) ,  and p e r h a p s  t u b u l i n  ( J o h n s o n  
and S i n e x ,  1 9 7 4 ;  M i n a m i ,  e t  a l . ,  1 9 8 2 ) ,  a r e  a l s o  a s s o c i a t e d  
w i t h  n e u r o n a l  p r e s y n a p t i c  and p o s t s y n a p t i c  s p e c i a l i z e d  
s t r u c t u r e s ,  i n c l u d i n g  t h e  " p o s t s y n a p t i c  d e n s i t y "  ( Cot man and  
K e l l y ,  1 978 ;  C a r l i n ,  e t  a l ,  1 9 8 0 ;  K e l l y  and M o n t g o m e r y ,  1 9 8 2 )  
and p r e s y n a p t i c  v e s i c l e s  ( S c h n a p p  and R e e s e ,  1 9 8 2 ) .
The i n t e r a c t i o n s  o f  c y t o s k e l e t a l  e l e m e n t s ,  such as  
m i c r o t u b u l e s  and n e u r o f i l a m e n t s ,  w i t h  e a c h  o t h e r  ( R u n g e ,  e t  
a l . ,  1 9 8 1 )  and w i t h  membrane e l e m e n t s  ( S u p r e n a n t  and D e n t l e r ,
3
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1 9 8 2 )  a r e  c r i t i c a l  i n  t h e  m a i n t e n a n c e  and d y n a mi c s  o f  t h e  
i n t r a c e l l u l a r  m i l i e u .  I n p a r t i c u l a r ,  t u b u l i n ,  o r  a t  l e a s t  
c e r t a i n  s u b c l a s s e s  o f  t u b u l i n  a r e  i n t i m a t e l y  a s s o c i a t e d  w i t h  
membrane f r a c t i o n s  ( S o i f e r  and C z o s n e k ,  1 98 0 ;  Z i s a p e l ,  e t  
a l . ,  1 9 8 0 ;  S t r o c c h i ,  e t  a l . ,  1 9 8 1 ;  B e r n i e i — V a l e n t i n ,  e t  a l . ,
1 9 8 3 ) .  T h u s ,  r a t h e r  t h a n  t h e  empt y  i mage p o r t r a y e d  i n t h e  
t r a d i t i o n a l  e l e c t r o n  m i c r o s c o p i c  " e x t r a c t e d "  v i e w  o f  t h e  
c e l l ,  t h e  c y t o p l a s m  and s y n a p t o p l a s m  a r e  a c t u a l l y  c r o wd e d  
w i t h  an e n t w i n e d  n e t w o r k  o f  p r o t e i n a c e o u s  and membr anous  
o r g a n e l i e s .
I .  TUBULI N AND MI CROTUBULES.
M i c r o t u b u l e s  a r e  s e m i r i g i d ,  h o l l o w ,  c y l i n d r i c a l  
s t r u c t u r e s  m e a s u r i n g  25 nm i n d i a m e t e r  w i t h  v a r i a b l e  l e n g t h  
( S n y d e r  a nd  M c I n t o s h ,  1 9 7 6 ) .  M i c r o t u b u l e s  a r e  i m p o r t a n t  
co mp o n e n t s  o f  a number  o f  c e l l u l a r  s t r u c t u r e s  i n c l u d i n g  t h e  
m i t o t i c  s p i n d l e ,  c e n t r i o l e s ,  c i l i a ,  f l a g e l l a ,  and  
n e u r o t u b u l e s  ( s e e  B u r n s i d e ,  1 9 7 5 ) .  The b a s i c  b u i i l d i n g  b l o c k  
o f  m i c r o t u b u l e s ,  t u b u l i n ,  i s  a 1 1 0 , 0 0 0  d a l t o n  p r o t e i n  w h i c h  
s e d i m e n t s  w i t h  a c h a r a c t e r i s t i c  c o e f f i c i e n t  v a l u e  o f  6S 
( K i r s c h n e r ,  e t  a l . ,  1 9 7 4 ) .  T u b u l i n  c o n s i s t s  o f  a h e t e r o d i m e r  
o f  t wo homol ogous  5 5 , 0 0 0  d a l t o n  p o l y p e p t i d e s ,  a l p h a  and b e t a  
t u b u l i n  ( E i p p e r ,  1 9 7 2 ) ,  A l t h o u g h  a l p h a  and b e t a  t u b u l i n  have  
s i m i l a r  ami no  a c i d  c o m p o s i t i o n s ,  t h e i r  p e p t i d e  maps a r e  
c l e a r l y  d i f f e r e n t  ( E i p p e r ,  1 9 7 4 b )  and t h e  p r o t e i n s  a r e  
s e p a r a b l e  by i s o e l e c t r i c  f o c u s i n g ,  w i t h  a l p h a  and b e t a  
t u b u l i n  d e m o n s t r a t i n g  i s o e l e c t r i c  p o i n t s  o f  5 . 4  and 5 . 6 ,  
r e s p e c t i v e l y  ( E i p p e r ,  1 9 7 4 b ;  F e i t ,  e t  a l . ,  1 9 7 7 ) .  S e p a r a t i o n
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o f  a l p h a  and b e t a  t u b u l i n  can a l s o  be a c c o m p l i s h e d  on SDS-  
PAGE g e l s  u n d e r  t h e  c o r r e c t  c o n d i t i o n s ,  w i t h  b e t a  t u b u l i n  
d i s p l a y i n g  a s l i g h t l y  h i g h e r  m o b i l i t y  t h a n  a l p h a .  H o w e v e r ,  
t h e  d i s t i n c t i o n  i n t h i s  c a s e  a p p e a r s  t o  be due t o  c h a r g e  
r a t h e r  t h a n  a c t u a l  m o l e c u l a r  w e i g h t  d i f f e r e n c e s  ( L u d u e n a  and  
Woodwar d ,  1 9 7 5 ) .  A l p h a  and b e t a  t u b u l i n  t h e m s e l v e s  can a l s o  
be f u r t h e r  s u b d i v i d e d  i n t o  s e v e r a l  s u b s p e c i e s  by h i g h -  
r e s o l u t i o n  i s o e l e c t r i c  f o c u s i n g  ( N e l l e s  and Bambur g ,  1975 ;  
Go z e s  and S w e a d n e r ,  1 9 8 1 ) .  W h e t h e r  t h e s e  s u b s p e c i e s  a r e  due 
t o  m o d i f i c a t i o n  o f  t h e  p r o t e i n s  o r  a c t u a l  s e q u e n c e  
h e t e r o g e n e i t y  r e m a i n s  t o  be d e t e r m i n e d .
Each mol e  o f  t u b u l i n  d i m e r  b i n d s  t wo mo l e s  o f  g u a n i n e  
n u c l e o t i d e  ( W e i s s e n b e r g , e t  a l . ,  1 9 6 8 ;  B e r r y  and S h e l a n s k i ,  
1 9 7 2 ) .  One s i t e  e x c h a n g e s  r a p i d l y  w i t h  GTP,  w h i l e  GDP i s  
bound t i g h t l y  t o  t h e  s e c o n d ,  n o n e x c h a n g a b I e  s i t e  ( J a c o b s ,  
1 9 7 5 ) .  W h i l e  g u a n i n e  n u c l e o t i d e  i s  n o t  an a b s o l u t e  
r e q u i r e m e n t  f o r  p o l y m e r i z a t i o n  o f  t u b u l i n  i n t o  m i c r o t u b u l e s  
( H i m e s ,  e t  a l . ,  1 9 7 6 ;  1 9 7 7 ) ,  GTP a p p e a r s  t o  s t a b i l i z e  t u b u l i n  
a g a i n s t  d e n a t u r a t i o n  and p r o m o t e  a s s e m b l y  ( S h e l a n s k i ,  1 9 7 3 ) .  
When GTP i s  i n c l u d e d  i n t h e  i n c u b a t i o n  medi um,  GTP h y d r o l y s i s  
a c c o m p a n i e s  p o l y m e r i z a t i o n  o f  t u b u l i n  i n t o  m i c r o t u b u l e s  
( J a c o b s ,  1 9 7 5 ) .  H o w e v e r ,  no G T P - d e p e n d e n t  p h s o p h o r y I  a t i o n  
e v e n t  has e v e r  been d o c u me n t e d  d u r i n g  p o l y m e r i z a t i o n ,  and t h e  
e x a c t  r o l e  o f  GTP h y d r o l y s i s  i n p r o m o t i n g  m i c r o t u b u l e  
f o r m a t i o n  i s  a l s o  un k n o wn .
P o l y m e r i z a t i o n  o f  t u b u l i n  d i m e r s  d i s p l a y s  an i n t r i n s i c  
p o l a r i t y  a n d ,  l i k e  o t h e r  p o l y m e r i z a t i o n  p r o c e s s e s ,  i n v o l v e s
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t wo  d i s t i n c t  p r o c e s s e s  o f  n u c l e a t i o n  f o l l o w e d  by g r o w t h  
( G a s k i n ,  e t  a l ,  1 9 7 5 ) .  P o l a r i z a t i o n  o f  m i c r o t u b u l e s  i n t o  
a s s e m b l i n g  and d i s a s s e m b l i n g  ends  c r e a t e s  a c o n s t a n t  s t a t e  o f  
f l u x  i n any  p a r t i c u a l r  m i c r o t u b u l e ,  d e s c r i b e d  as  
" t r e a d m i I  I i n g "  ( M a r g o l i s  and W i l s o n ,  1 9 7 8 ;  F a r r e l l ,  e t  a l . ,  
1 9 7 9 ;  S a n d o v a l  and We b e r ,  1 9 8 0 ) .  T h u s ,  t h e  m i c r o t u b u l e  s h a f t  
i s  i n a c o n s t a n t  s t a t e  d i s a s s e m b l y  a t  one end and r e a s s e m b l y  
a t  t h e  o t h e r .  Such i n t r i n s i c  s t r u c t u r a l  p o l a r i t y  has been  
d e m o n s t r a t e d  i n b o t h  homo l o go u s  and h e t e r o l o g o u s  J_n v i t r o  
a s s e m b l y  s y s t e ms  u s i n g  b r a i n  and f l a g e l l a r  t u b u l i n  ( D e n t l e r ,  
e t  a l . ,  1 9 7 4 ;  B i n d e r  and Rosenbaum,  1 9 7 5 ) .  W h i l e  p u r e  6S 
t u b u l i n  i s  c a p a b l e  o f  a s s e m b l y  i n t o  m i c r o t u b u l e s  ( H e r z o g  and 
We b e r ,  1 9 7 7 ) ,  u n d e r  p h y s i o l o g i c a l  c o n d i t i o n s  p o l y m e r i z a t i o n  
o f  m i c r o t u b u l e s  a p p e a r s  t o  r e q u i r e  t h e  p r e s e n c e  o f  a 36 S 
s e d i m e n t i n g  f o r m o f  t u b u l i n ,  w h i c h  a p p e a r s  u n d e r  e l e c t r o n  
m i c r o s c o p a l  e x a m i n a t i o n  as a t o r r o i d a l  d i s k  ( B o r i s y  and  
O l m s t e a d ,  1 9 7 2 ;  S c h e e l e  and B o r i s y ,  1 9 7 8 ) .  T h e s e  " r i n g "  
s t r u c t u r e s  wh i c h  a r e  s e p a r a t e d  f r o m 6S t u b u l i n  by g r a d i e n t  
u l t r a c e n t r i f u g a t i o n  ( Mar cum and B o r i s y ,  1 9 7 8 )  o r  g e l  
c h r o m a t o g r a p h y  ( B e r k o w i t z ,  e t  a l . ,  1 9 7 7 )  a r e  t h e  p r o p o s e d  
s i t e s  o f  m i c r o t u b u l e  n u c l e a t i o n  ( V/e i s e n b e r g , 1974 ) .  The  
f a i l u r e  o f  6S t u b u l i n  t o  p o l y m e r i z e  may t h e r e f o r e  be due t o  
t h e  p r e s e n c e  o f  c e r t a i n  " m i c r o t u b u l e - a s s o c i a t e d  p r o t e i n s "  
wh i c h  s p i n  down w i t h  t u b u l i n  i n t h e  36S c o mp l e x  ( V a l l e e  and 
B o r i s y ,  1 9 7 8 ) .
M i c r o t u b u l e - a s s o c i a t e d  p r o t e i n s  can be d i v i d e d  i n t o  t h e  
h i g h  m o l e c u l a r  w e i g h t  p r o t e i n s  MAP-1 and MAP- 2 and t h e  t a u
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p r o + e i n s .  T h e s e  p r o t e i n s  c o p u r i f y  w i t h  t u b u l i n  t h r o u g h
m u l t i p l e  c y c l e s  o f  _i_n̂  v i t r o  t e m p e r a t u r e - d e p e n d e n t
p o l y m e r i z a t i o n  and d e p o l y m e r i z a t i o n  ( m i c r o t u b u l e s  a r e  
o
u n s t a b l e  a t  4 C . ;  B e r k o w i t z ,  e t  a l . ,  1 9 7 7 ) .
I m m u n o f l o u r e s c e n t  s t a i n i n g  w i t h  a n t i b o d i e s  t o  a l l  o f  t h e s e  
p r o t e i n s  h a v e  d e m o n s t r a t e d  t h e  i n v i v o  a s s o c i a t i o n  o f  t h e s e
i
t h r e e  c l a s s e s  o f  m i c r o t u b u l e - a s s o c i a t e d  p r o t e i n s  w i t h  
m i c r o t u b u l e s  ( C o n n o l l y ,  1 9 7 7 ;  1 9 7 8 ) .  MAP-1 i s  a 3 0 0 , 0 0 0  
d a l t o n  p r o t e i n  wh i c h  i s  a s s o c i a t e d  w i t h  t wo low m o l e c u l a r  
w e i g h t  p r o t e i n s  o f  a p p r o x i m a t e l y  3 0 , 0 0 0  d a l t o n s  ( V a l l e e  and  
D a v i s ,  1 9 8 3 ) .  MAP-1 a p p e a r s  t o  be more h i g h l y  c o n c e n t r a t e d
i i n  n e u r o n a l  d e n d r i t e s  t h a n  a x o n s  ( M a t u s ,  e t  a l . ,  1 9 8 1 ) .  MAP-
2 i s  a h e a t - s t a b l e  2 7 0 , 0 0 0  d a l t o n  p r o t e i n  wh i c h  i s ,  i n p a r t ,  
i n t i m a t e l y  a s s o c i a t e d  w i t h  t h e  r e g u l a t o r y  and c a t a l y t i c  
s u b u n i t s  o f  c y c l i c  A M P - d e p e n d e n t  p r o t e i n  k i n a s e  ( T h e u r k a u f  
and Va I l e e ,  1 9 8 2 ) .  MAP- 2  i s  h i g h l y  p h o s p h o r y  I a t e d  _i_n v i v o , 
and i s  an e x c e l l a n t  s u b s t r a t e  f o r  b o t h  cAMP ( T h e u r k a u f  and 
V a l l e e ,  1 9 8 3 )  and c a l c i u m - c a l m o d u l i n - d e p e n d e n t  ( G o l d e n r i n g ,  
e t  a l ,  1 9 8 2 ;  1 9 8 3 ;  Y a ma u c h i  and F u j i s a w a ,  1 982 ;  Yamamot o ,  e t  
a l . ,  1 9 8 3 )  p h o s p h o r y l a t i o n .  The t a u  p r o t e i n s  a r e  a g r o u p  of  
h o mol o g ou s  h e a t - s t a b l e  p o l y p e p t i d e s  w i t h  a p p a r e n t  m o l e c u l a r  
w e i g h t s  b e t w e e n  5 5 , 0 0 0  and 7 0 , 0 0 0  d a l t o n s  and i s o e l e c t r i c  
p o i n t s  n e a r  n e u t r a l i t y  ( C l e v e l a n d ,  e t  a l ,  1 9 7 7 a ;  1 9 7 7 b ) .  Tau 
p r o t e i n s ,  l i k e  MAP- 2 ,  a l s o  d e m o n s t r a t e  a h i g h  l e v e l  o f  
e n d o g e n o u s  p h o s p h o r y l a t i o n  ( C l e v e l a n d ,  1 9 7 7 b ) ,  and i s  a 
s u b s t r a t e  f o r  b o t h  cAMP ( C l e v e l a n d ,  e t  a l . ,  1 9 7 7 b )  and  
c a l c i u m - d e p e n d e n t  ( Y a ma mo t o ,  e t  a l . ,  1 9 8 3 )  p h o s p h o r y l a t i o n .
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As n o t e d  a b o v e ,  p u r e  t u b u l i n  can a s s e mb l e  i n t o
m i c r o t u b u l e s  ( H e r z o g  and W e b e r ,  1 9 7 7 ) ,  b u t  t h i s
p o l y m e r i z a t i o n  i s  i n e f f i c i e n t .  The p r e s e n c e  o f  e i t h e r  MAP- 2
o r  t a u  p r o t e i n s  g r e a t l y  a u g me n t s  p o l y m e r i z a t i o n ,  r e d u c i n g  t h e
c r i t i c a l  t u b u l i n  p r o t e i n  c o n c e n t r a t i o n  n e c e s s a r y  f o r
p o l y m e r i z a t i o n  as  w e l l  as  t h e  t i m e  f o r  ma x i ma l  p o l y m e r i z a t i o n
( W i t m a n ,  e t  a l . ,  1 9 7 6 ;  H e r z o g  and We b e r ,  1 9 7 8 ) .  Bo t h  t a u
p r o t e i n s  and MAP- 2  i n c o r p o r a t e  i n t o  r e c o n s t i t u t e d
m i c r o t u b u l e s  i n a r a t i o  o f  a p p r o x i m a t e l y  1 mol e  p e r  10 mol es
o f  t u b u l i n  d i m e r s  ( S a n d o v a l  and V a n d e k e r c k h o v e , 1 9 8 1 ) .
H o w e v e r ,  t h e  m i c r o t u b u l e s  p o l y m e r i z e d  i n t h e  p r e s e n c e  o f  I1AP-
2 l o o k  v e r y  d i f f e r e n t  f r o m  t h o s e  p o l y m e r i z e d  i n t h e  p r e s e n c e
o f  t a u  p r o t e i n s .  M i c r o t u b u l e s  p o l y m e r i z e d  i n t h e  p r e s e n c e  of
MAP- 2  show p e r i o d i c  d e c o r a t i o n  o f  t h e  m i c r o t u b u l e  s h a f t  w i t h
MAP- 2 " a r m s "  ( K i m ,  e t  a l . ,  1 9 7 9 ) .  T h e s e  ar ms a r e  r e m e n i s c e n t
o f  t h e  d y n e n i n  ar ms in f l a g e l l a  and have  s p u r r e d  t h e
h y p o t h e s i s  t h a t  MAP- 2 may s e r v e  i n some m o t i v e  c a p a c i t y  such
as  t r a n s p o r t  a l o n g  m i c r o t u b u l e s  ( S l o b o d a ,  e t  a l . ,  1 9 7 5 ) .
M i c r o t u b u l e s  p o l y m e r i z e d  i n t h e  p r e s e n c e  o f  t a u  p r o t e i n s  a r e
s moot h  w a l l e d  ( H e r z o g  and W e b e r ,  1 9 7 8 ) .  M o r e o v e r ,  a r e c e n t
nmr e x a m i n a t i o n  o f  a s s e m b l y  i n t h e  p r e s e n c e  o f  t a u  p r o t e i n s
s u g g e s t s  t h a t  t a u  p r o t e i n s  a r e  i n c o r p o r a t e d  as c o mp o n e n t s  o f
t h e  m i c r o t u b u l e  s h a f t  ( Wo o d y ,  e t  a l ,  1 9 8 3 ) .  P h o s p h o r y l a t i o n
o f  MAP- 2  and t a u  p r o t e i n s  by c A M P - d e p e n d e n t  ( J a me s o n ,  e t  a l ,
2 +
1 9 8 0 ;  Jameson and Ca p l o w ,  1 9 8 1 )  and Ca - d e p e n d e n t  ( Ya ma mo t o ,  
e t  a l .  1 9 8 3 ;  Yamauch i  and F u j i s a w a ,  1 9 8 3 )  p r o t e i n  k i n a s e s  
d e c r e a s e s  t h e  p o l y m e r i z a t i o n  p r o m o t i n g  a b i l i t y  o f  t h e s e
8
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2+
The d e s t a b i l i z i n g  e f f e c t  o f  Ca on m i c r o t u b u l e s  i n
v i t r o  has been known f o r  o v e r  a d e c a d e .  In 1 9 7 2 ,  W e i s e n b e r g
r e p o r t e d  t h a t  m i c r o t u b u l e  p o l y m e r i z a t i o n  was f a c i l i t a t e d  i n
v i t r o  i n t h e  p r e s e n c e  o f  t h e  c h e l a t o r  EGTA ( W e i s e n b e r g ,
1 9 7 2 ) .  M i l l i m o l a r  c o n c e n t r a t i o n s  o f  c a l c i u m  i on i n d u c e
d e p o o I y m e r i z a t i o n  o f  m i c r o t u b u l e s  ( W e i s e n b e r g ,  1 9 7 2 ) .
W e i s e n b e r g  p r e p a r e d  i n c r e a s i n g l y  p u r i f i e d  p r e p a r a t i o n s  o f
m i c r o t u b u l e  p r o t e i n  t h r o u g h  r e p e a t e d  c y c l e s  o f  p o l y m e r i z a t i o n  
o
a t  37 C.  i n p r e s e n c e  o f  c h e l a t o r  and d e p o l y m e r i z a t i o n  by 
o
i n c u b a t i o n  a t  4 C.  The s u s c e p t a b i  I i t y  o f  m i c r o t u b u l e s  t o
2 +
d e p o I y m e r i z a t i o n  i n t h e  p r e s e n c e  o f  Ca i s  d e c r e a s e d  
f o l l o w i n g  s e v e r a l  c y c l e s  o f  t e m p e r a t u r e  d e p e n d e n t  
p o l y m e r i z a t i o n  and d e p o l y m e r i z a t i o n  ( N i s h i d a  and S a k a i ,  1 9 7 7 ;  
N i s h i d a ,  e t  a l . ,  1 9 7 9 ) .  R e c e n t l y ,  Mar cum,  e t  a l .  ( 1 9 7 8 )  have  
d e m o n s t r a t e d  t h a t  i n  t h e  p r e s e n c e  o f  t h e  c a l c i u m  d e p e n d e n t  
r e g u l a t o r  p r o t e i n ,  c a l m o d u l i n ,  m i c r o t u b u l e s ,  o n l y  m i c r o m o l a r  
c o n c e n t r a t i o n s  o f  c a l c i u m  a r e  n e c e s s a r y  t o  i n d u c e  m i c r o t u b u l e  
d e p o l y m e r i z a t i o n .  I n j e c t i o n  o f  c a l m o d u l i n  i n t o  c u l t u r e d  
c e l l s  c a u s e s  d e p o l y m e r i z a t i o n  o f  m i c r o t u b u l e s  ( K e i t h ,  e t  a l . ,  
1 9 8 3 ) .  T h u s ,  c a l c i u m  and c a l m o d u l i n  have  been i m p l i c a t e d  as 
m o d u l a t o r s  o f  m i c r o t u b u l e  s t a b i l i t y .  N e v e r t h e l e s s ,  t h e  e x a c t  
me c h a n i s m by w h i c h  c a l c i u m  d e s t a b i l i z e s  m i c r o t u b u l e s  i s  n o t  
c l e a r .  The wor k  d e t a i l e d  i n t h i s  t h e s i s  s u g g e s t s  a p o s s i b l e  
me c h a n i s m f o r  c a l c i u m / c a l m o d u l i n  d e p e n d e n t  r e g u l a t i o n  o f  
m i c r o t u b u l e  f u n c t i o n .
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A.  Phys  I ca I P r o p e r t  i e s .
The i m p o r t a n c e  o f  t h e  c a l c i u m  s i g n a l  i n t h e  n e r v e  and
o t h e r  s e c r e t o r y  c e l l s  u n d e r s c o r e s  t h e  i n t e r e s t  in t h e
mec ha n i s ms  o f  c a l c i u m - d e p e n d e n t  p r o c e s s e s .  D o u g l a s  ( 1 9 6 8 )
f i r s t  d e m o n s t r a t e d  d i r e c t l y  t h e  i m p o r t a n c e  o f  c a l c i u m  i on  i n
m e d i a t i n g  s t i m u I u s - s e c r e t i o n  c o u p l i n g .  K a t z  and M i l e d i
( 1 9 6 9 ;  M i l e d i ,  1 9 7 3 )  f i r s t  d e m o n s t r a t e d  i n a n e u r o n a l
p r e p a r a t i o n  t h e  r e q u i r e m e n t  f o r  e x t r a c e l l u l a r  c a l c i u m  i on
2 +
d u r i n g  n e u r o t r a n s m i s s i o n .  S i n c e  t h a t  t i m e ,  numer ous  Ca 
d e p e n d e n t  p r o c e s s e s  t r i g g e r e d  by t h e  i n f l u x  o f  c a l c i u m  i ons  
i n t o  c e l l s  h a v e  been d i s c o v e r e d .  C a l c i u m  i on  i s  now 
r e c o g n i z e d  as  a u b i q u i t o u s  s e c o n d  m e s s e n g e r  u t i l i z e d  i n  a l l  
known c e l l s ,  a t  a l l  e v o l u t i o n a r y  l e v e l s  ( Ra s mu s s e n ,  1 9 8 1 ;  
Rasmusen and  Wa i s ma n ,  1 9 8 3 ) .  I n r e c e n t  y e a r s ,  i t  has become  
c l e a r  t h a t  some o f  t h e  e f f e c t s  o f  c a l c i u m ,  b u t  n o t  a l l  ( s e e  
Kuo,  e t  a l . ,  1 9 8 0 ;  W i s e ,  e t  a l . ,  1 9 8 2 ) ,  a r e  m e d i a t e d  by t h e  
c a l c i u m - b i n d i n g  p r o t e i n  c a l m o d u l i n  ( Wang and Wa i s s ma n ,  1 9 7 9 ;  
Che un g ,  1 9 8 0 ;  K l e e ,  e t  a l . ,  1 9 8 0 ;  Means  and Dedman,  1 9 8 0 ) .
C a l m o d u l i n ,  t h e  h e a t - s t a b l e  c a l c i u m - b i n d i n g  p r o t e i n  
( a l s o  known as  t h e  c a l c i u m  d e p e n d e n t  r e g u l a t o r  p r o t e i n ) ,  i s  
m e d i a t o r  o f  a number  o f  c a l c i u m - d e p e n d e n t  p r o c e s s  t h r o u g h o u t  
c e l l s  ( C h e u n g ,  1 9 8 0 ) .  C a l m o d u l i n  i s  a u b i q u i t o u s  and h i g h l y  
c o n s e r v e d  p r o t e i n  w h i c h  has been f o u n d  i n e v e r y  c e l l  y e t  
s t u d i e d .  As s e q u e n c e d  by W a t t e r s o n ,  e t  a l .  ( 1 9 8 0 )  t h i s
1 7 , 0 0 0  d a l t o n  p r o t e i n  i s  c o m p r i s e d  o f  a s i n g l e  p o l y p e p t i d e  
c h a i n  c o n t a n i n g  no c y s t e i n e ,  t r y p t o p h a n  o r  h y d r o x y p r o  I i ne
10
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r e s i d u e s .  The p r o t e i n  i n  a l l  c a s e s  s t u d i e d  t h u s  f a r  does
c o n t a i n  one t r i m e t h y I  I y s i n e  r e s i d u e ,  an u n u s u a l  a mi n o  a c i d .
T h i r t y  p r e c e n t  o f  t h e  m o l e c u l e  i s  composed o f  n e g a t i v e l y
c h a r g e d  a s p a r t a t e  and g l u t a m a t e  r e s i d u e s ,  a c c o u n t i n g  f o r  t h e
p r o t e i n s  low i s o e l e c t r i c  p o i n t  o f  4 . 3  ( L i n ,  e t  a l . ,  1 9 7 4 ) .
I n  a d d i t i o n  t o  a s t r i k i n g  e v o l u t i o n a r y  c o n s e r v a t i o n  o f
c a l m o d u l i n  s e q u e n c e  a c r o s s  a l l  c e l l u l a r  o r g a n i s m s  ( W a t t e r s o n ,
e t  a l . ,  1 9 8 0 ) ,  c a l m o d u l i n  a l s o  shows 70 p e r c e n t  ho mol o g y  w i t h
t r o p o n i n  C,  t h e  c a l c i u m  b i n d i n g  s u b u n i t  o f  t h e  s k e l e t a l
m u s c l e  c o n t r a c t i l e  a p p a r a t u s .  C a l m o d u l i n  c o n t a i n s  f o u r
b i n d i n g  s i t e s  f o r  c a l c i u m  i on ( C r o u c h  and K l e e ,  1 9 8 0 ) ,  t wo  o f
w h i c h  d i s p l a y  a r e l a t i v e l y  low a f f i n i t y  ( 1 0  t o  20 uM) and t wo
o f  w h i c h  show a h i g h e r  a f f i n i t y  (1 t o  2 uM) .  R e c e n t  wor k  by
a number  o f  g r o u p s  i n d i c a t e s  t h a t  t h e  b i n d i n g  o f  c a l c i u m  i o n s
t o  c a l m o d u l i n  c a u s e  a c o n f o r m a t i o n a l  c h a n g e  w h i c h  r e v e a l s  a
h y d r o p h o b i c  b i n d i n g  s i t e  w h i c h  can t h e n  b i n d  t o  t a r g e t
e n z y me s  ( T a n a k a  and H i d a k a ,  1 9 8 0 ;  J o h n s o n ,  e t  a l . ,  1 9 8 1 ) .
T h u s ,  t h e  mode o f  c a t i o n  f o r  c a l c i u m  m e d i a t e d  a c t i v a t i o n  o f  a
number  o f  enzyme s y s t e m s  o c c u r s  t h r o u g h  t h e  b i n d i n g  o f
c a l c i u m  t o  c a l m o d u l i n  f o l l o w e d  by b i n d i n g  o f  t h e  
2 +
Ca / c a l m o d u l i n  c o m p l e x  t o  t h e  t a r g e t  enzyme ( H u a n g ,  e t  a l . ,  
1 9 8 1 ) .  C a l m o d u l i n  s e r v e s  a c e n t r a l  r o l e  i n t h e  a c t i v a t i o n  o f
I t h e s e  e n z y mes  b e c a u s e  i t  i s  a c u t e l y  s e n s i t i v e  t o  c h a n g e s  i n
i
j c e l l u l a r  c a l c i u m  b e t w e e n  0 . 1  and 1 . 0  uM ( C r o u c h  and K l e e ,
iI
j 1 9 8 0 ;  Cox ,  e t  a l . ,  1 9 8 1 ) .  T h u s ,  t h i s  c a l c i u m - b i n d i n g  p r o t e i n
2 +
I i s  a c r u c i a l  m e d i a t o r  of  t h e  Ca s i g n a l  and c a l c i u m  se cond
m e s s e n g e r  f u n c t i o n s  i n n e r v e  and o t h e r  c e l l s .
1 1
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B . C a I m o d u I i  n D j s t r  i b u t  i o n .
S e v e r a l  I n v e s t i g a t J o n s  have  c o n s i d e r e d  t h e  d i s t r i b u t i o n  
o f  c a l m o d u l i n .  As m e n t i o n e d  a b o v e ,  c a l m o d u l i n  seems t o  be 
p r e s e n t  i n a l l  c e l l s  ( C h e u n g ,  1 9 8 0 ) ,  h o we v e r  i t s  
c o n c e n t r a t i o n  can v a r y  w i d e l y .  The h i g h e s t  c o n c e n t r a t i o n s  of  
c a l m o d u l i n  i n t h e  r a t  a r e  f o u n d  i n t h e  t e s t e s  and b r a i n ,  
w h i l e  t h e  l o w e s t  c o n c e n t r a t i o n s  a r e  p r e s e n t  i n k i d e n y  and  
s p l e e n  ( K a k i u c h i ,  e t  a l . ,  1 9 8 2 ) .  F u r t h e r m o r e ,  w i d e  v a r i a t i o n s  
i n r e g i o n a l  b r a i n  c o n c e n t r a t i o n s  a r e  o b s e r v e d .  W h i l e  h i g h  
c o n c e n t r a t i o n s  o f  c a l m o d u l i n  a r e  p r e s e n t  i n  t h e  c o r t e x  and  
m i d b r a i n ,  a t e n - f o l d  l o we r  c o n c e n t r a t i o n  i s  seen b r a i n s t e m  
and c e r e b e l l u m  ( E g r i e ,  e t  a l . ,  1 9 7 7 ) .
Su b c e I  I u I a r I y , c a l m o d u l i n  has been l o c a t e d  by 
i mmu no h 1s t o c h e m i s t r y  i n a s s o c i a t i o n  w i t h  p l a s ma  membr anes  
( L i n ,  e t  a l . ,  1 9 8 0 ;  Wood,  e t  a l . ,  1 9 8 0 ) ,  m i t o c h o n d r i a  
( P a r d u e ,  e t  a l . ,  1 9 8 1 ) ,  and c y t o p l a s m i c  s p e c i a l i z a t i o n s  
( Wood,  e t  a l . ,  1 9 8 0 ) .  DeMey ,  e t  a l .  ( 1 9 8 0 )  o b s e r v e d  
c a l m o d u l i n  i mmu n o c h e mi c a l  s t a i n i n g  o f  t h e  m i c r o t u b u l e s  o f  t h e  
m i t o t i c  a p p a r a t u s .  E x t e n s i v e  wor k  has been p e r f o r m e d  on t h e  
s u b c e l l u l a r  l o c a l i z a t i o n  o f  c a l m o d u l i n  i n n e u r o n s .
C a l m o d u l i n  a n t i b o d y  i n t e n s e l y  s t a i n s  t h e  p o s t - s y n a p t i c  
s p e c i a l i z a t i o n s  ( Wood,  e t  a l . ,  1 9 8 0 ;  L i n ,  e t  a l . ,  1 9 8 0 )  and  
i s o l a t e d  p o s t - s y n a p t i c  d e n s i t y  f r a c t i o n s  a r e  h i g h l y  e n r i c h e d  
i n c a l m o d u l i n  ( G r a b ,  e t  a l . ,  1 9 7 9 ) .  Wood,  e t  a l .  ( 1 9 8 0 a ;  
1 9 8 0 b )  f o u n d  t h a t  c a l m o d u l i n  a n t i b o d y  a l s o  d e c o r a t e d  
d e n d r i t i c  m i c r o t u b u l e s .  S e v e r a l  g r o u p s  h a v e  i s o l a t e d
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a u t h e n t i c  c a l m o d u l i n  f r o m p r e s y n a p t i c  p r e p a r a t i o n s  ( H a l l ,  e t
a l ,  1 9 8 0 ;  D e L o r e n z o ,  1 9 8 0 ) .  H o w e v e r ,  i mm u n o c y t o c h e m i c a I
t e c h n i q u e s  have  f a i l e d  t o  o b s e r v e  c a l m o d u l i n  i n  p r e s y n a p t i c
a r e a s  ( Wood,  e t  a l .  1 9 8 0 ) ,  p r o b a b l y  b e c a u s e  o f  i n c o m p l e t e
a c c e s s  o f  t h e  a n t i b o d y  t o  p r e s y n a p t i c  a r e a s  d u r i n g  s t a i n i n g .
C.  C a l m o d u l i n - d e p e n d e n t  enzyme s y s t e m s .
C a l m o d u l i n  was o r i g i n a l l y  d i s c o v e r e d  by Cheung ( 1 9 7 0 ;
1 9 7 1 ;  L i n ,  e t  a l . ,  1 9 7 4 )  and K a k i u c h i  ( 1 9 7 0 a ,  1 9 7 0 b )  as t h e
h e a t - s t a b l e  c a l c i u m - d e p e n d e n t  s t i m u l a t o r  o f  c y c l i c  n u c l e o t i d e
p h o s p h o d i e s t e r a s e .  The r e g u l a t o r  s t i m u l a t e d  t h e  m e t a b o l i s m
o f  b o t h  cAMP and cGMP and t h i s  s t i m u l a t i o n  was ,  i n t u r n ,
i n h i b i t e d  by t h e  a n t i p s y c h o t i c  d r u g ,  t r i f l u o p e r a z i n e  ( C h e u n g ,
1 9 8 0 ) .  S e v e r a l  i n v e s t i g a t i o n s  ha ve  shown t h a t  t h e  i n h i b i t i o n
o f  c a l m o d u l i n - d e p e n d e n t  s t i m u l a t i o n  by t r i f I u p e r a z i n e  and a
number  o f  o t h e r  s i m i l a r  d r u g s  i s  due t o  t h e i r  a b i l i t y  t o  b i n d
t o  t h e  h y d r o p h o b i c  b i n d i n g  s i t e  on c a l m o d u l i n  r e v e a l e d  i n t h e  
2+
p r e s e n c e  o f  Ca ( R o u f o g a l i s ,  1 9 8 1 ;  T a n a k a  and H i d a k a ,  1 9 8 0 ) .
S i n c e  t h a t  t i m e ,  c a l m o d u l i n  has been i m p l i c a t e d  i n  t h e
r e g u l a t i o n  o f  nume r ous  c a l c i u m - d e p e n d e n t  enzyme s y s t e m s .
C a l c i u m  and c a l m o d u l i n  e n h a n c e  a d e n y l a t e  c y c l a s e
a c t i v i t y  ( B r o s t r o m ,  e t  a l . ,  1 9 7 8 ) .  Van Hungen and R o b e r t s
( 1 9 7 3 )  r e p o r t e d  t h a t  low l e v e l s  o f  c a l c i u m  ( l e s s  t h a n  50 uM)
s t i m u l a t e d  a d e n y l a t e  c y c l a s e  a c t i v i t y  i n r a t  c e r e b r a l  c o r t e x .
2 +
P o t t e r ,  e t  a l .  ( 1 9 8 0 )  d e m o n s t r a t e d  t h a t  h a l f - m a x i m a l  Ca 
a c t i v a t i o n  o c c u r e d  a t  0 . 1  m i c r o m o l a r .  T h i s  c a l c i u m  
s e n s i t i v i t y  was i n h i b i t e d  by t r i f l u o p e r a z i n e  ( B r o s t r o m ,  e t  
a l . ,  1 9 7 8 ) .  S e v e r a l  g r o u p s  have  r e c e n t l y  d e m o n s t r a t e d  t h a t
13
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c a l m o d u l i n  can b i n d  t h e  t h e  G T P - b i n d i n g  s u b u n i t  o f  a d e n y l a t e  
c y c l a s e  and t h e r e b y  s t i m u l a t e  t h e  p r o d u c t i o n  of  cAMP 
( T o s c a n o ,  e t  a l . ,  1 9 7 9 ;  T r i e s m a n ,  e t  a l . f 1 9 8 3 ) .  T h u s ,  
c a l m o d u l i n  p r o m o t e s  b o t h  t h e  p r o d u c t i o n  o f  cAMP by t h e  
me mb r a n e - b o u n d  a d e n y l a t e  c y c l a s e  and m e t a b o l i s m  o f  cAMP by 
t h e  c y t o s o l i c  p h o s p h o d i e s t e r a s e .  Such a s y s t e m f o r  cAMP 
p r o d u c t i o n  and d e s t r u c t i o n  seems e s p e c i a l l y  w e l l  s u i t e d  f o r  
c o n t r o l  f o l l o w i n g  i n f l u x  o f  c a l c i u m  i n t o  t h e  c e l l .
A number  o f  g r o u p s  have  d e m o n s t r a t e d  t h e  e x i s t e n c e  o f  a 
c a l m o d u l i n  d e p e n d e n t  Ca +Mg - AT Pa s e  i n  t h e  p l a s ma  membr ane of  
number  o f  c e l l s  ( C a r a f o l i ,  e t  a l . ,  1 9 8 3 ;  M c D o n a l d ,  e t  a l . ,
1 9 8 3 ) .  The b e s t  c h a r a c t e r i z e d  c a l m o d u l i n - d e p e n d e n t  ATPase  
e x i s t s  i n  t h e  p l a s ma  membr ane o f  e r y t h r o c y t e s  ( N i g g l i ,  e t  
a l . ,  1 9 7 9 ;  Lynch and Ch e un g ,  1 9 7 9 ;  C a r a f o l i ,  e t  a l . ,  1 9 8 3 ;  
R o u f o g a l i s ,  e t  a l . ,  1 9 8 3 )  and i s  r e s p o n s i b l e  f o r  m a i n t a i n i n g  
t h e  c e l l u l a r  c y t o s o l i c  c a l c i u m  l e v e l s  w i t h i n  a l i m i t e d  
s u b m i c r o m o l a r  r a n g e  ( S a r k a d i ,  e t  a l . ,  1 9 8 3 ) .  C a l m o d u l i n -  
d e p e n d e n t  Ca + Mg - AT Pa s e  a c t i v i t i e s  have  been r e p o r t e d  in 
s y n a p t o s o m a l  p r e p a r a t i o n s ,  and a c y t o s o l i c  c a l m o d u l i n  
d e p e n d e n t  ATPase a c t i v i t y  has r e c e n t l y  been p u r i f i e d  f r om  
b r a i n  ( P a p a z i a n ,  e t  a l . ,  1 9 8 2 ) .  F u r t h e r m o r e ,  a t u b u l i n  
a s s o c i a t e d  c a l m o d u l i n  d e p e n d e n t  ATPase  a c t i v i t y  has been  
; i m p l i c a t e d  as a p o s s i b  I e.  c o mp o n e n t  o f  a x o n a l  t r a n s p o r t
me c h a n i s ms  ( O c h s ,  1 9 8 2 ) .
I S e v e r a l  g r o u p s  have  i s o l a t e d  c a l m o d u l i n  d e p e n d e n t
| p h o s p h a t a s e s  i n p e r i p h e r a l  and n e r v o u s  t i s s u e .  I n t h e  b r a i n
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r e g u l a t o r  o f  c a l m o d u l i n  ( K l e e ,  e t  a l . ,  1 9 7 9 ) ,  has r e c e n t l y
been i d e n t i f i e d  as a c a l m o d u l i n  d e p e n d e n t  p h o s p h a t a s e
( S t e w a r t ,  e t  a l ,  1 9 8 2 ;  T a l l a n t  and Ch e u n g ,  1 9 8 3 ) .
C a l c i n e u r i n  c o n s i s t s  o f  a 6 1 , 0 0 0  d a l t o n  s u b u n i t  c o n t a i n i n g
t h e  c a l m o d u l i n - b i n d i n g  s i t e  and a 1 5 , 0 0 0  d a l t o n  s u b u n i t  wh i c h
2+
c o n t a i n s  f o u r  Ca b i n d i n g  s i t e s  ( Wang and D e s a i ,  1 9 7 7 ;  K l e e ,  
e t  a l . ,  1 9 7 9 ) .  C a l c i n e u r i n  i s  now r e c o g n i z e d  as  
r e p r e s e n t a t i v e  o f  a g r o up  o f  c a l c i u m / c a l m o d u l i n - d e p e n d e n t  
p h o s p h a t a s e s  p r e s e n t  i n a number  o f  d i f f e r e n t  c e l l s ,  
c l a s s i f i e d  as  P h o s p h a t a s e  26  ( I n g e b r i t s e n  and C o h e n ,  1 9 8 3 ) .  
T h u s ,  as  w i l l  be d i s c u s s e d  b e l o w ,  c a l m o d u l i n  c o n t r o l s  b o t h  
t h e  p h o s p h o r y l a t i o n  o f  p r o t e i n s  t h r o u g h  a c t i v a t i o n  o f  k i n a s e s  
and d e p h o s p h o r y l a t i o n  o f  p r o t e i n s  t h r o u g h  p h o s p h a t a s e s .
D . C a l m o d u l i n - d e p e n d e n t  k i n a s e s .
P e r h a p s  t h e  mo s t  a c t i v e  a s p e c t  o f  r e s e a r c h  i n t o
c a l m o d u l i n  d e p e n d e n t  enz yme r e g u l a t i o n  has f o c u s e d  on
m o d u l a t i o n  o f  c a l c i u m - d e p e n d e n t  k i n a s e  a c t i v i t y .  W h i l e  o n l y
one t y p e  o f  c A M P - d e p e n d e n t  k i n a s e  has been d e m o n s t r a t e d ,  w i t h
t wo d i f f e r e n t  r e g u l a t o r y  s u b u n i t s  ( Un o ,  e t  a l . ,  1 9 7 7 ;  C o r b i n
and L i n c o l n ,  1 9 7 8 ) ,  s e v e r a l  d i s t i n c t  c a l m o d u l i n - d e p e n d e n t
k i n a s e s  have  been  d i s c o v e r e d .  I n p e r i p h e r a l  t i s s u e s ,  b o t h
c a l m o d u l i n - d e p e n d e n t  k i n a s e s  and c A M P - d e p e n d e n t  k i n a s e  p l a y
an i n t e g r a l  p a r t  i n t h e  r e g u l a t i o n  and m o d u l a t i o n  o f  t h e
g l y c o g e n  c a s c a d e .  The enzyme p h o s p h o r y I a s e  k i n a s e ,  wh i c h
c a t a l y z e s  t h e  c o n v e r s i o n  o f  t h e  i n a c t i v e  p h o s p h o r y l a s e  b t o
a c t i v e  p h o s p h o r y I a s e  a ,  was r e c o g n i z e d  in t h e  1 9 6 0 ° s  as
2 +
a l m o s t  c o m p l e t e l y  d e p e n d e n t  on Ca ( M e y e r ,  e t  a l . ,  1 9 64 ;
1 5
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H e i l m e y e r ,  e t  a l ,  1 9 7 0 ;  B r o s t r o m ,  e t  a l . ,  1 9 7 1 ) .  Two g r o u p s  
p u r i f i e d  t h e  e n z yme  f r o m m u s c l e  ( C o h e n ,  1 9 7 3 ;  H a y a k a w a ,  e t  
a l . ,  1 9 7 3 a ;  1 9 7 3 b )  composed o f  t h r e e  s u b u n i t s  o f  1 4 5 , 0 0 0 ,
1 2 8 , 0 0 0  and 4 5 , 0 0 0  d a l t o n s ,  b u t  i n 1978  Cohen and h i s  
c o l l e a g u e s  d e m o n s t r a t e d  t h a t  t h e  enzyme a l s o  c o n t a i n e d  a 
f o u r t h  1 7 , 0 0 0  d a l t o n  s u b u n i t ,  an i n t r i n s i c  m o l e c u l e  o f  
c a l m o d u l i n  ( C o h e n ,  e t  a l ,  1 9 7 8 ) .  S i n c e  t h e  i n i t i a l  r e p o r t  
e v i d e n c e  has a c c u m u l a t e d  t h a t  i n a d d i t i o n  t o  t h e  i n t r i n s i c  
c a l m o d u l i n  s u b u n i t  wh i c h  d oe s  n o t  d i s s o c i a t e  f r o m t h e  
c o m p l e x ,  a s e c o n d  m o l e c u l e  o f  c a l m o d u l i n  can a l s o  b i n d  t o  t h e  
p h o s p h o r y I  a s e  k i n a s e  c o mp l e x  ( D e P a o I i - R o a c h , e t  a l ,  1 9 7 9 ) .  
Wh i l e  t h e  i n t r i n s i c  c a l m o d u l i n  s u b u n i t  i s  d i r e c t l y  a s s o c i a t e d  
w i t h  t h e  4 5 , 0 0 0  d a l t o n  s u b u n i t  ( S k u s t e r ,  e t  a l . ,  1 9 8 0 ) ,  t h e  
s e c o n d  m o l e c u l e  o f  c a l m o d u l i n  i n t e r a c t s  w i t h  b o t h  o f  t h e  
l a r g e r  k i n a s e  s u b u n i t s  ( P i c t o n ,  e t  a l . ,  1 5 8 0 ) .  r h o s p h o r y i a s e  
k i n a s e  i s  t h e  o n l y  c a l m o d u l i n  d e p e n d e n t  k i n a s e  p r e s e n t l y  
i s o l a t e d  w h i c h  c o n t a i n s  an i n t r i n s i c  s u b u n i t  o f  c a l m o d u l i n .
In a d d i t i o n  t o  s t i m u l a t i n g  g I y c o g e n o I y s i s  t h r o u g h  t h e  
a c t i v a t i o n  o f  p h o s p h o r y I  a s e  k i n a s e ,  t h e  c a l c i u m  s i g n a l ,  
t h r o u g h  c a l m o d u l i n ,  a l s o  i n h i b i t s  t h e  s y n t h e s i s  o f  g l y c o g e n  
t h r o u g h  t h e  p h o s p h o r y l a t i o n  o f  g l y c o g e n  s y n t h a s e  ( C a n i c i ,  e t  
a l . ,  1 9 8 4 ) .  A l t h o u g h  t h e  e x i s t e n c e  o f  c a l c i u m  d e p e n d e n t
i p h o s p h o r y l a t i o n  and i n a c t i v a t i o n  o f  g l y c o g e n  s y n t h a s e  has
been known f o r  some t i m e  ( Ni mmo and C o h e n ,  1 9 7 4 ) ,  t h e
c a l m o d u l i n  d e p e n d e n t  k i n a s e  has o n l y  r e c e n t l y  been p u r i f i e d  
f r o m  l i v e r  ( Ahmad,  e t  a l . ,  1 9 8 2 )  and s k e l e t a l  mu s c l e  
( W o o d g e t t ,  e t  a l . ,  1 9 8 3 ) .  The enzyme f r o m  l i v e r  c o n s i s t s  o f
16
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a mu 1 t i m e r i c  c o m p l e x  o f  4 9 , 0 0 0  d a l t o n  s u b u n i t s .  The  enzyme
a u t o p h o s p h o r y I a t e s  and w i l l  p h o s p h o r y I  a t e  a r a n g e  o f  s p e c i f i c
and n o n - s p e c i f i c  s u b s t r a t e s .  The c a l m o d u l i n - d e p e n d e n t
g l y c o g e n  s y n t h a s e  k i n a s e  f r o m s k e l e t a l  m u s c l e  i s  composed of
a d o d e c a me r  o f  5 8 , 0 0 0  and 5 4 , 0 0 0  d a l t o n  s u b u n i t s .  L i k e  t h e
e n z yme  f r o m l i v e r ,  t h e  m u s c l e  enzyme a u t o p h o s p h o r y I a t e s  i n
t h e  a b s e n c e  o f  s u b s t r a t e  and w i l l  p h o s p h o r y I  a t e  a r a n g e  o f
s u b s t r a t e s  i n c l u d i n g  g l y c o g e n  s y n t h a s e .  T h u s ,  c a l m o d u l i n -
d e p e n d e n t  k i n a s e s  have  o p p o s i t e  e f f e c t s  o f  g l y c o g e n  s y n t h e s i s
and m e t a b o l i s m .  C y c l i c  A M P - d e p e n d e n t  p r o t e i n  k i n a s e  i n h i b i t s
p h o s p h o r y I a s e  k i n a s e  ( H a y a k a w a ,  e t  a l . ,  1 9 7 3 a ;  1 9 7 3 b )  and
a c t i v a t e s  g l y c o g e n  s y n t h a s e ,  e m p h a s i z i n g  t h e  r e c i p r o c a l
2 +
e f f e c t s  o f  t h e  cAMP and Ca s e c o n d  m e s s e n g e r  s y s t e ms  
( R a s mu s s e n ,  1 9 8 1 ) .
Wh i l e  t h e  ca  I c i u r n - b i n d i n g  p r o t e i n  t r o p o n i n  C i s  
r e s p o n s i b l e  f o r  m e d i a t i n g  c a l c i u m - s t i m u l a t e d  c o n t r a c t i o n  in 
s k e l e t a l  m u s c l e ,  a c a l m o d u l i n - d e p e n d e n t  k i n a s e  i s  r e s p o n s i b l e  
f o r  t r i g g e r i n g  c o n t r a c t i o n  i n  smoot h m u s c l e  ( H a r t s h o r n e ,  e t  
a l . ,  1 9 8 0 ;  A d e l s t e i n ,  e t  a l . ,  1 9 8 0 ) .  The c a l m o d u l i n -  
d e p e n d e n t  my o s i n  l i g h t  c h a i n  k i n a s e  i n smoot h  mu s c l e  i s  a 
s i n g l e  1 3 0 , 0 0 0  d a l t o n  p o l y p e p t i d e  c h a i n  ( D a b r o w s k a ,  e t  a l ,  
1 9 7 8 ) .  I t  p h o s p h o r y I a t e s  t h e  2 0 , 0 0 0  d a l t o n  l i g h t  o f  m y o s i n ,  
c a u s i n g  t h e  s l o w  c o n t r a c t i o n  o f  smoot h  mu s c l e  c e l l s .  M o s t  
n o t a b l y ,  A d e l s t e i n  and  h i s  c o l l e a g u e s  hav e  d e m o n s t r a t e d  t h a t  
p h o s p h o r y l a t i o n  o f  my o s i n  l i g h t  c h a i n  k i n a s e  by cAMP-  
d e p e n d e n t  p r o t e i n  k i n a s e  i n h i b i t s  p h o s p h o r y l a t i o n  o f  l i g h t  
c h a i n s  ( A d e l s t e i n ,  e t  a l . ,  1 9 7 8 ;  C o n t i  and A d e l s t e i n ,  1 9 8 1 ) .
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I n c o r p o r a t i o n  o f  one  mol e  o f  p h o s p h a t e  i n t o  t h e  c a l m o d u l i n
k i n a s e  i n c r e a s e s  t h e  K f o r  c a l m o d u l i n  a l m o s t  t e n  f o l d .
m
T h u s ,  c A M P - d e p e n d e n t  p r o t e i n  k i n a s e  r e g u l a t e s  t h e  a c t i v i t y  o f  
t h i s  c a l m o d u l i n - d e p e n d e n t  k i n a s e .
P h o s p h o r y l a t i o n  o f  r i b o s o m a l  p r o t e i n s  has been r e c o g n i z e d  
f o r  some t i m e  as  an i m p o r t a n t  p o s s i b l e  r e g u l a t o r  o f  p r o t e i n  
s y n t h e s i s  ( s e e  R o b e r t s ,  1 9 8 2 ) .  P a r t i c u l a r  i n t e r e s t  has  
c e n t e r e d  a r o u n d  r i b o s o m a l  p r o t e i n  S6 w h i c h  i s  p h o s p h o r y I a t e d  
by c A M P - d e p e n d e n t  p r o t e i n  k i n a s e  ( T h o ma s ,  1 9 8 2 ) .  R e c e n t l y ,  a 
c a l c i u m - c a l m o d u l i n - d e p e n d e n t  S6 k i n a s e  a c t i v i t y  was 
i d e n t i f i e d  i n p a n c r e a s  ( F r e e d ma n  and J a m i e s o n ,  1 9 B 2 a ; 1 9 8 2 b )  
and i m p l i c a t e d  i n  s e c r e t o g o g u e - s t i m u l a t e d  c o n t r o l  o f  p r o t e i n  
s y n t h e s i s .  P a r t i a l  p u r i f i c a t i o n  o f  t h i s  c a l m o d u l i n - d e p e n d e n t  
k i n a s e  f r o m p a n c r e a s  ( G o r e l i c k ,  e t  a l . ,  1 9 8 3 )  s u g g e s t s  t h a t  
t h e  enz yme c o n s i s t s  o f  a s i n g l e ,  c a l m o d u l i n - b i n d i n g ,  
a u t o p h o s p h o r y I  a t i n g , 51 , 0 0 0  d a l t o n  p o l y p e p t i d e  i n an 
o l i g o m e r i c  c o m p l e x .
Ca I c i u r n - d e p e n d e n t  k i n a s e  a c t i v i t y  i n  b r a i n  t i s s u e s  has  
been an a r e a  o f  c o n s i d e r a b l e  i n t e r e s t  s i n c e  t h e  m i d - 1 9 7 0 ° s .  
The e x i s t e n c e  an a c t i v e  c A M P - d e p e n d e n t  p r o t e i n  k i n a s e  in 
b r a i n  t i s s u e  w e l l  b e f o r e  t h a t  t i m e  ( s e e  G r e e n g a r d  1 9 7 8 ;
1 9 8 1 ) .  H o we v e r ,  i n 1 9 7 6 ,  D e L o r e n z o  ( 1 9 7 6 )  r e p o r t e d  t h a t  
c a l c i u m  i on  s t i m u l a t e d  t h e  p h o s p h o r y l a t i o n  j n v i t r o  o f  a 
number  o f  p r o t e i n s  i n a s y n a p t o s o me  p r e p a r a t i o n ,  e s p e c i a l l y  
p r o t e i n s  w i t h  m o l e c u l a r  w e i g h t s  b e t w e e n  5 0 , 0 0 0  and 6 0 , 0 0 0  
d a l t o n s .  In 1 9 7 7 ,  K r u e g e r ,  e t  a l .  ( 1 9 7 7 )  r e p o r t e d  t h a t  
d e p o l a r i z a t i o n  o f  i n t a c t  s y n a p t o s o m e s  w i t h  e i t h e r  h i g h
18
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c o n c e n t r a t i o n s  o f  K o r  t h e  i o n o p h o r e ,  v e r a t r i d i n e ,  
s t i m u l a t e d  t h e  p h o s p h o r y l a t i o n  o f  a number  o f  d i f f e r e n t  
p r o t e i n s ,  b u t  o n l y  i n t h e  p r e s e n c e  o f  e x t r a c e l l u l a r  c a l c i u m  
i o n .  The m a j o r  s t i m u l a t e d  p h o s p h o p r o t e i n s  we r e  an 8 0 , 0 0 0  
d a l t o n  d o u b l e t  a nd  a number  o f  s p e c i e s  w i t h  m o l e c u l a r  w e i g h t s  
b e t w e e n  5 0 , 0 0 0  and 6 0 , 0 0 0  d a l t o n s .  D e L o r e n z o  and F r e e d ma n  
( 1 9 7 7 )  f o u n d  t h a t  c a l c i u m  i o n s  s t i m u l a t e d  p h o s p h o r y l a t i o n  o f  
p r o t e i n s  w i t h  s i m i l a r  m o l e c u l a r  w e i g h t s  i n a p r e p a r a t i o n  o f  
s y n a p t i c  v e s i c l e s  and c o r r e l a t e d  t h e  i n c r e a s e  i n 5 0 , 0 0 0  t o
6 0 , 0 0 0  d a l t o n  p h o s p h o r y l a t i o n  w i t h  t h e  s t i m u l a t i o n  o f  
n o r e p i n e p h r i n e  r e l e a s e  ( D e L o r e n z o  and F r e e d m a n ,  1 9 7 7 ;  1 9 7 8 ) .
The r o l e  o f  c a l m o d u l i n  i n m e d i a t i n g  t h e  s t i m u l a t o r y  
e f f e c t  o f  c a l c i u m  i n  t h e s e  p r e p a r a t i o n s  was f i r s t  e l u c i d a t e d  
by Sc h u l ma n  and G r e e n g a r d  ( 1 9 7 8 a ) ,  who f o u n d  t h a t  t h e  
c a l c i u m - d e p e n d e n t  r e g u l a t o r  p r o t e i n  was r e q u i r e d  f o r  c a l c i u m -  
d e p e n d e n t  k i n a s e  a c t i v i t y  i n r a t  b r a i n  membr ane  p r e p a r a t i o n s .  
T h e y  a l s o  f o u n d  ( Sc h u l ma n  and G r e e n g a r d ,  1 9 7 8 b )  t h a t  
c a l m o d u l i n - d e p e n d e n t  s t i m u l a t i o n  o f  p h o s p h o r y l a t i o n  was 
d e m o n s t r a b l e  i n  a number  o f  t i s s u e  membr ane  p r e p a r a t i o n s .  
D e L o r e n z o  and h i s  c o w o r k e r s  ( D e L o r e n z o ,  e t  a l . ,  1 9 7 9 ;  1 9 8 0 )  
o b s e r v e d  i n  p u r i f i e d  s y n a p t i c  v e s i c l e  p r e p a r a t i o n s ,  t h a t  
c a l m o d u l i n  m e d i a t e d  t h e  s t i m u  I a t i o n  by c a l c i u m  i on o f  b o t h
|
j p h o s p h o r y l a t i o n  a nd  n o r e p i n e p h r i n e  r e l e a s e .
i
I
] The 8 0 , 0 0 0  d a l t o n  p h o s p h o p r o t e i n  i n membr ane
j
j p h o s p h o r y I a t e d  by c a l c i u m - c a l m o d u l i n - d e p e n d e n t  k i n a s e  was
i
i d e n t i f i e d  as P r o t e i n  I ( S c h u l ma n  and G r e e n g a r d ,  1 9 7 8 b ) .  
G r e e n g a r d  a nd  h i s  c o l l e a g u e s  had p r e v i o u s l y  d e s c r i b e d  t h e
19
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p h o s p h o r y l a t i o n  o f  t h i s  b r a i n - s p e c i f i c  p r o t e i n  by cAMP-  
| d e p e n d e n t  p r o t e i n  k i n a s e  ( Ueda  and G r e e n g a r d ,  1 9 7 7 ) .  C a l c i u m
i
! d e p e n d e n t  p h o s p h o r y l a t i o n  o f  P r o t e i n  I o c c u r r e d  on d i f f e r e n t
]
j s i t e s  t h a n  c A M P - d e p e n d e n t  p h o s p h o r y l a t i o n  ( H u t t n e r ,  e t  a l . ,
| 1 9 8 1 ) .  Kennedy  a nd  G r e e n g a r d  ( 1 9 8 1 )  f o u n d  t wo  d i f f e r e n t
c a l m o d u l i n  k i n a s e  a c t i v i t i e s  f o r  P r o t e i n  I ,  one w h i c h  
p h o s p h o r y  I a t e d  o n l y  a 3 0 , 0 0 0  d a l t o n  f r a g m e n t  was l o c a t e d  i n  
c y t o s o l i c  and me mb r a n e - b o u n d  f r a c t i o n s ,  a n d  a se c on d  a c t i v i t y  
p h o s p h o r y  I a t e d  a d i f f e r e n t  1 0 , 0 0 0  d a l t o n  f r a g m e n t  o f  P r o t e i n  
and was l o c a t e d  e x c l u s i v e l y  in t h e  membr ane  f r a c t i o n .  Bo t h
j o f  t h e s e  k i n a s e s  ha ve  been p u r i f i e d  r e c e n t l y  ( K e n n e d y ,  e t
i
j  a l . ,  1 9 8 3 a ;  B e n n e t t ,  e t  a l . ,  1 9 8 3 ;  N a i r n  and G r e e n g a r d ,
1 9 8 3 ) .
B u r k e  and D e L o r e n z o  I d e n t i f i e d  t u b u l i n  as a m a j o r  
| c o mp o n e n t  o f  t h e  5 0 , 0 0 0  t o  6 0 , 0 0 0  d a l t o n  c a l m o d u l i n - d e p e n d e n t
j p h o s p h o r y l a t i o n  i n  s y n a p t o s o me  p r e p a r a t i o n s  ( B u r k e  and
| D e L o r e n z o ,  1 9 8 1 ) ,  s y n a p t i c  v e s i c l e  p r e p a r a t i o n s  ( B u r k e  and
j D e L o r e n z o ,  1 9 8 2 a )  and  s y n a p t i c  c y t o p l a s m  ( B u r k e  and
i D e L o r e n z o ,  1 9 8 2 b ) .  I n l i g h t  o f  t h e  i m p o r t a n t  d e s t a b i l i z i n g
i 2 +
1 i n f l u e n c e  o f  Ca - c a l m o d u l i n  on m i c r o t u b u l e s  d i s c u s s e d  a b o v e ,
j t h e  e x i s t e n c e  o f  a c y t o s o l i c  b r a i n  c a l m o d u l i n - d e p e n d e n t
j t u b u l i n  k i n a s e  a c t i v i t y  s u g g e s t e d  a p o s s i b l e  me cha n i sm f o r
! t h e  r e g u l a t i o n  o f  t u b u l i n  and m i c r o t u b u l e  d y n a mi c s  t h r o u g h
p h o s p h o r y l a t i o n  ( D e L o r e n z o ,  e t  a l . ,  1 9 8 2 ) .  We t h e r e f o r e  
; s o u g h t  t o  i s o l a t e d  t h e  t u b u l i n  k i n a s e  a c t i v i t y  f r o m r a t  b r a i n
j c y t o s o l  ( G o l d e n r i n g ,  e t  a l . ,  1 9 8 2 ) .  T h i s  d i s s e r t a t i o n
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p r o t e i n  k i n a s e  f r o m  r a t  b r a i n  c y t o s o l  w h i c h  p h o s p h o r y I a t e s  
t u b u l i n  and m i c r o t u b u l e - a s s o c i a t e d  p r o t e i n s  a s  m a j o r  
s u b s t r a t e s  ( G o l d e n r i n g ,  e t  a l . ,  1 9 8 2 ,  1 9 8 3 a ) .  F u r t h e r m o r e ,  
t h i s  wor k  d e m o n s t r a t e s  t h a t  t h i s  k i n a s e  i s  a s s o c i a t e d  w i t h
t u b u l i n  and m i c r o t u b u l e  p r o t e i n .  F i n a l l y ,  e v i d e n c e  i s
p r e s e n t e d  t h a t  t h e  k i n a s e  i s  a m a j o r  c o mp o n e n t  o f  t h e  
p o s t s y n a p t i c  d e n s i t y .  The  a s s o c i a t i o n  o f  t h i s  c a l m o d u l i n  
k i n a s e  w i t h  t u b u l i n  and o t h e r  c y t o s k e l e t a l  e l e m e n t s  and i t s  
a p p a r a n t  p a n s y n a p t i c  d i s t r i b u t i o n  s u g g e s t s  t h a t  t h i s  enzyme  
may be an i n t e g r a l  m e d i a t o r  o f  a number  o f  t h e  e f f e c t s  of
c a l c i u m  on d y n a m i c  c e l l u l a r  p r o c e s s e s .
21
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CHAPTER 2
P U R I F I C A T I O N  AND CHARACTERI ZATI ON OF A CALMODULI N- DEPENDENT  
KI NASE FROM RAT BRAI N CYTOSOL ABLE TO PHOSPHORYLATE 
TUBULI N AND MI CROTUBULE- ASSOCI ATEO PROTEI NS
T h i s  c h a p t e r  was p u b l i s h e d  as G o l d e n r i n g ,  J .  R . f G o n z a l e z ,  
B . ,  M c G u i r e ,  J .  S . ,  J r .  and D e L o r e n z o ,  R.  J .  ( 1 9 8 3  5 
P u r i f i c a t i o n  and c h a r a c t e r i z a t i o n  o f  a c a l m o d u l i n - d e p e n d e n t  
k i n a s e  f r o m  r a t  b r a i n  c y t o s o l  a b l e  t o  p h o s p h o r y I  a t e  t u b u l i n  
and m i c r o t u b u I e - a s s s o c i a t e d  p r o t e i n s .  J . B i o l .  Chem. 2 5 8 ,
1 2 6 3 2 - 1 2 6 4 0 .  I t  i s  r e p r o d u c e d  by h e r e  by p e r m i s s i o n  o f  
W a v e r l y  P r e s s .
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C a l m o d u l i n ,  t h e  u b i q u i t o u s  c a l c i u m  b i n d i n g  p r o t e i n ,
r e g u l a t e s  many c e l l u l a r  p r o c e s s e s  ( 1 , 2 ) .  In t h e  b r a i n ,
c a l m o d u l i n  m e d i a t e s  t h e  s t i m u l a t i o n  o f  a number  o f  c a l c i u m
d e p e n d e n t  k i n a s e s  i n c l u d i n g  enz ymes w h i c h  p h o s p h o r y I  a t e
P r o t e i n  I ( 3 ) ,  m y e l i n  b a s i c  p r o t e i n  ( 4 ) ,  my o s i n  l i g h t  c h a i n s
( 5 ) ,  t r y p t o p h a n  mo n o o x y g e n a s e  ( 6 , 7 ) ,  t u b u l i n  ( 8 ) ,  and
m i c r o t u b u l e  a s s o c i a t e d  p r o t e i n s  ( 9 , 1 0 ) .  B e c a u s e  o f  t h e
s i g n i f i c a n c e  o f  b r a i n  p h o s p h o r y l a t i o n  i n  t h e  r e g u l a t i o n  o f
n e u r o n a l  f u n c t i o n  ( 1 1 ) ,  p u r i f i c a t i o n  and c h a r a c t e r i z a t i o n  o f
b r a i n  k i n a s e  s y s t e m s  and t h e i r  s u b s t r a t e s  may p r o v i d e  i n s i g h t
i n t o  t h e  m o l e c u l a r  e f f e c t s  o f  c a l c i u m  i n n e u r o n s .
P r e v i o u s  i n v e s t i g a t i o n s  have d e m o n s t r a t e d  t h e  e x i s t e n c e  
2 +
o f  Ca - c a l m o d u l i n  d e p e n d e n t  e n d o g e n o u s  t u b u l i n  k i n a s e
2 +
a c t i v i t y ,  w h i c h  i s  d i s t i n c t  f r o m Mg and cAMP d e p e n d e n t
k i n a s e s ,  a s s o c i a t e d  w i t h  s y n a p t o s o me  ( 8 ) ,  s y n a p t i c  v e s i c l e
( 1 2 ) ,  and s y n a p t i c  c y t o s o l  p r e p a r a t i o n s  ( 1 3 ) .  S i n c e  t u b u l i n
i s  a m a j o r  " f u n c t i o n a l "  and " s t r u c t u r a l "  p r o t e i n  i n n e r v e  
2+
c e l l s ,  Ca - c a l m o d u l i n  r e g u l a t e d  p h o s p h o r y l a t i o n  o f  t u b u l i n ,
e s p e c i a l l y  a t  t h e  s y n a p s e ,  may be o f  i m p o r t a n c e  i n t h e
c o n t r o l  o f  some a s p e c t s  o f  n e u r o n a l  f u n c t i o n .  T h u s ,
p u r i f i c a t i o n  o f  a t u b u l i n  k i n a s e  may p r o v i d e  i n s i g h t  i n t o  t h e  
2 +
r o l e  o f  Ca and c a l m o d u l i n  i n n e r v e  f u n c t i o n .  I n i t i a l  
e f f o r t s  t o  p u r i f y  t h i s  t u b u l i n  k i n a s e  w e r e  u n s u c c e s s f u l  due 
t o  t h e  i n s t a b i l i t y  o f  t h e  enzyme a c t  i v i t y  p o s t  mor tern ( 1 3 ) .  
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a c t i v i t y  and s e p a r a t i n g  a c r u d e  f r a c t i o n  o f  b r a i n  c y t o s o l i c
t u b u l i n  k i n a s e  a c t i v i t y  f r o m b o t h  c a l m o d u l i n  and e n d o g e n o u s
s u b s t r a t e  t u b u l i n  ( 9 ) .  T h i s  i n i t i a l  s t a b i l i z a t i o n  and
s e p a r a t i o n  o f  t h i s  k i n a s e  s y s t e m away f r o m  e n d o g e n o u s
c a l m o d u l i n  a nd  t u b u l i n  has now p e r m i t t e d  f u r t h e r  p u r i f i c a t i o n
and c h a r a c t e r i z a t i o n  of  t h i s  b r a i n  e n z y me .
T h i s  r e p o r t  p r e s e n t s  t h e  p u r i f i c a t i o n  t o  a p p a r e n t
2+
h o m o g e n e i t y  o f  a c y t o s o l i c  Ca - c a l m o d u l i n  d e p e n d e n t  k i n a s e .
The enz yme c o n s i s t s  o f  a c o mp l e x  o f  c a l m o d u l i n  b i n d i n g
p o l y p e p t i d e s  w h i c h  p o s s e s s  s i g n i f i c a n t  s t r u c t u r a l  h o mo l o g y .
S u b s t r a t e  s p e c i f i c i t y ,  s u b u n i t  c o m p o s i t i o n ,  and s u b u n i t
i s o e l e c t r i c  p o i n t s  c l e a r l y  d i f f e r e n t i a t e  t h i s  k i n a s e  f r o m
p r e v i o u s l y  r e p o r t e d  b r a i n  c a l m o d u l i n  d e p e n d e n t  k i n a s e s  and
c o m p r i s e  a s e t  o f  c h a r a c t e r i s t i c  " s i g n a t u r e s "  f o r  t h i s  k i n a s e
s y s t e m .  W h i l e  t h i s  enz yme p h o s p h o r y I a t e s  t u b u l i n  and
m i c r o t u b u l e  a s s o c i a t e d  p r o t e i n s  as m a j o r  s u b s t r a t e s ,  t h e  f u l l
f u n c t i o n a l  s i g n i f i c a n c e  and r a n g e  o f  e n d o g e n o u s  s u b s t r a t e s
2 +
f o r  t h i s  b r a i n  Ca - c a l m o d u l i n  d e p e n d e n t  k i n a s e  s y s t e m r e m a i n  
t o  be d e t e r m i n e d .
4 1
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EXPERI MENTAL PROCEDURES
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M a t e r  i a I s . P3 - AT P  ( 5 - 1 0  C i / m m o l )  was p u r c h a s e d  f r o n
New E n g l a n d  N u c l e a r .  A r g i n l n e - r i c h  and l y s i n e - r i c h  h i s t o n e s ,
c a s e i n ,  p h o s v i t i n ,  and g l y c o g e n  s y n t h a s e  w e r e  p u r c h a s e d  f r o m
S i g ma .  Smoot h m u s c l e  m y o s i n  l i g h t  c h a i n s  w e r e  a g i f t  o f  D r .
R.  S.  A d e l s t e i n .  P o r c i n e  m y e l i n  b a s i c  p r o t e i n  was a g i f t  o f  
125
D r .  R.  K.  Yu .  I - c a I m o d u I i n , p r o d u c e d  by Bo I t o n - H u n t e r
l a b e l l i n g  o f  f I u p h e n a z i n e - p u r i f i e d  c a l m o d u l i n ,  was a g i f t  o f
D r .  F .  G o r e l i c k .  C a l m o d u l i n  was p u r i f i e d  t h r o u g h  DEAE-
c e l l u l o s e  c h r o m a t o g r a p h y  ( 1 4 )  and A f f i g e l - f I u p h e n a z i n e
( B i o r a d )  a f f i n i t y  c h r o m a t o g r a p h y  ( 1 5 ) .  T u b u l i n  was p u r i f i e d
t h r o u g h  t h r e e  c y c l e s  o f  p o l y m e r i z a t i o n  and d e p o l y m e r i z a t i o n
( 1 6 ) .  P r o t e i n  I was p u r i f i e d  by t h e  me t h o d  o f  Ueda and
G r e e n g a r d  ( 1 7 ) .  MAP was p u r i f i e d  t h r o u g h  t h e  me t h o d  o f
2
S o b u e , e t  a I . ( 1 8 ) .
P h o s p h o c e I  I u I o s e  C h r o m a t o g r a p h y . F o r e b r a i n s  f r o m  20 f e m a l e  
1 0 0 - 1 5 0  gm S p r a g u e - D a w l e y  r a t s  ( C h a r l e s  R i v e r )  w e r e  r e mo v e d  
q u i c k l y  ( l e s s  t h a n  20 s e c )  and i m m e d i a t e l y  h o m o g e n i z e d  ( 1 3 )  
i n c o l d  100 mM P I P E S ,  pH 6 . 9 ,  10 mM EDTA, 10 mM EGTA, 0 . 3  mM 
PMSF ( 2  m l s / b r a i n ) .  The h o mo g e n a t e  was spun a t  1 0 0 , 0 0 0  X g 
f o r  60  m i n u t e s .  The r e s u l t a n t  " b r a i n  c y t o s o l "  s u p e r n a t e  was  
t h e n  r e s o l v e d  on p h o s p h o c e I  I u l o s e  r e s i n  ( C e l l e x - P ,  B i o r a d ) .
30 ml o f  s w e l l e d  r e s i n  was e q u i l i b r a t e d  w i t h  30 mM P i p e s ,  pH 
6 . 9 ,  0 . 3  mM PMSF ( B u f f e r  A ) .  B r a i n  c y t o s o l  was t h e n  l o a d e d  
on t h e  r e s i n .  The c o l umn  was was hed  w i t h  B u f f e r  A,  and t h e n  
s e q u e n t i a l l y  e l u t e d  w i t h  150 mM NaCI  i n B u f f e r  A and 350  mM
42
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NaCI  i n B u f f e r  A.  The l a + t e r  3 5 0  mM NaCI  "CP e l u a + e "  was 
p o o l e d  f o r  f u r t h e r  p u r i f i c a t i o n .
C a 1mo d u I i  n Af  f ? n i t v  C h r o m a t o g r a p h y . C a I m o d u I i  n a f  f  i n i t y
r e s i n  was p r e p a r e d  by c o u p l i n g  p u r i f i e d  c a l m o d u l i n  ( 4 0  mg) t o
8 ml o f  A f f i g e l  15 ( B i o r a d )  r e s i n  ( 9 2 ?  e f f i c i e n c y ) .  The CP
e l u a t e  was d i l u t e d  t o  2 0 0  mM NaCI  and made 2 mM CaCI  . The
2
c a l m o d u l i n  c o l u mn  ( 1 . 0  X 9 . 0  cm) was e q u i l i b r a t e d  w i t h  200  mM
N a C I ,  2 mM CaCI  , 50 mM T r i s  H C I , pH 7 . 1 ,  0 . 3  mM PMSF ( B u f f e r
2
B) . A f t e r  t h e  CP e l u a t e  was a p p l i e d  t o  t h e  c a l m o d u l i n -
a f f i n i t y  c o l u m n ,  t h e  co l umn was t h e n  washed w i t h  B u f f e r  B
u n t i l  t h e  0 .  D.  a t  280  nm r e a c h e d  b a s e l i n e  ( F i g u r e  1 ) .  
A d d i t i o n a l  w a s h i n g  w i t h  500  mM NaCI  i n B u f f e r  B d i d  n o t  y i e l d  
any  s i g n i f i c a n t  p r o t e i n  e l u t i o n .  Enzyme a c t i v i t y  was e l u t e d  
f r om t h e  c o l u mn  w i t h  2 mM EGTA, 200  mM N a C I ,  50 mM T r i s  H C I , 
pH 7 . 1 ,  0 . 3  mM PMSF.  The c a I m o d u l i n - a f f i n i t y  p u r i f i e d  
e l u a t e  was c o m b i n e d  and c o n c e n t r a t e d  u s i n g  vacuum 
I yop h i I i  z a t I  o n .
*
F r a c t o q e I  TSK HW- 55 C h r o m a t o g r a p h y . F r a c t o g e l  TSK HW- 55
( M e r c k )  r e s i n  ( 2 0 0  cm X 1 . 0  cm) was e q u i l i b r a t e d  w i t h  10 mM
P I P E S ,  pH 6 . 9 ,  0 . 3  mM PMSF ( B u f f e r  C ) . The l y o p h i l i z e d
c a l m o d u l i n  a f f i n i t y  p u r i f e d  enzyme f r a c t i o n  was r e s u s p e n d e d
in 2 ml o f  d e i o n i z e d  d i s t i l l e d  w a t e r ,  g e n t l y  hand h o mo g e n i z e d
u n t i l  f u l l y  s o l u b i l i z e d ,  and l o a d e d  o n t o  t h e  c o l u m n .
F o l l o w i n g  s a mp l e  a p p l i c a t i o n ,  t h e  c o l u mn was e l u t e d  w i t h
B u f f e r  C a t  a f l o w  r a t e  o f  40 ml p e r  h r .  Enzyme f r a c t i o n s
o
r e t a i n e d  a c t i v i t y  o n l y  when s t o r e d  f r o z e n  a t  - 2 0  C.  i n t h e  
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S e p h a c r y I  S - 3 0 0  S u p e r f I n e  GeI  C h r o m a t o g r a p h y . S e p h a c r y l  S -  
3 0 0  S u p e r f i n e  ( P h a r m a c i a )  r e s i n  ( 5 0  cm X 2 . 5  cm) was 
e q u i l i b r a t e d  i n 20 0  mM N a C I ,  50 mM T r i s  H C I , pH 7 . 1 ,  0 . 3  mM 
PMSF ( B u f f e r  D ) .  5 0 - 1 0 0  ug o f  F r a c t o g e l  p u r i f i e d  t u b u l i n
a s s o c i a t e d  c a l m o d u l i n  d e p e n d e n t  k i n a s e  ( e n z y me  l y o p h i l i z e d  in 
t h e  p r e s e n c e  o f  0 . 5  M s u c r o s e ,  r e s u s p e n d e d  i n  1 . 5  ml 
d e i o n i z e d  d i s t i l l e d  w a t e r )  we r e  l o a d e d  o n t o  t h e  c o l u mn  and 
t h e n  e l u t e d  w i t h  B u f f e r  D a t  a f l o w  r a t e  o f  60 m l / h r .  The  
col umn e l u t i o n  was s t a n d a r d i z e d  u s i n g  t h y r o g I o b u I i n , 
f e r r i t i n ,  a l d o l a s e  and c a t a l a s e  ( P h a r m a c i a ) .  P r o t e i n  
c o m p o s i t i o n  was e v a l u a t e d  on 1- d i m e n s i o n a I  SDS-PAGE u s i n g  
s i l v e r  s t a i n i n g  m e t h o d o l o g y  ( 1 9 ) .
Assay  o f  P h o s p h o r y l a t i o n . Col umn f r a c t i o n s  we r e  a s s a y e d  f o r
p h o s p h o r y I  a t i n g  a c t i v i t y  u n d e r  s t a n d a r d  c o n d i t i o n s  ( 1 3 ;  10 mM
2 +
P i p e s ,  pH 7 . 4 ,  4 mM f r e e  Mg ) .  The c o n c e n t r a t i o n  o f  f r e e  
2+
Ca i n  t h e  f i n a l  r e a c t i o n  m i x t u r e  was d e t e r m i n e d  w i t h  a 
2+
Ca / EGTA b u f f e r  s y s t e m ( 1 3 , 2 0 ) .  The s t a n d a r d  c o n c e n t r a t i o n  
2 +
o f  f r e e  Ca was 5 uM u n l e s s  o t h e r w i s e  s p e c i f i e d .  F i n a l
r e a c t i o n  v o l u me  was 100 u l .  T u b e s  we r e  i n c u b a t e d  f o r  3 
o
m i n u t e s  a t  37 C.  and w e r e  t e r m i n a t e d  w i t h  50 ul  o f  SOS s t o p  
s o l u t i o n  ( B)  f o r  1 - d i m e n s i o n a l  p o l y a c r y l a m i d e  ge l  
e l e c t r o p h o r e s i s  o r  w i t h  100 ul  o f  a u r e a  s t o p  s o l u t i o n  as  
d e s c r i b e d  p r e v i o u s l y  ( 1 3 ) .  20 ul  o f  2 - m e r c a p t o e t h a n o I  wer e
a dded t o  e a c h  r e a c t i o n  t u b e  p r i o r  t o  e l e c t r o p h o r e s i s .  For  
k i n e t i c  d e t e r m i n a t i o n s ,  0 . 5  ug o f  enz yme  we r e  i n c u b a t e d  under  
s t a n d a r d  c o n d i t i o n s  w h i l e  v a r y i n g  t h e  a p p r o p r i a t e  p a r a m e t e r .  
Ma x i ma l  t u b u l i n  p h o s p h o r y l a t i o n  was a s s e s s e d  u n d e r  t h e  
f o l l o w i n g  c o n d i t i o n s :  0 . 5  ug o f  e n z y me ,  1 . 0  ug o f  t u b u l i n ,  50
44
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2 + 2 +  
uM Ca , 10 mM Mg , 60 uM ATP,  1 mM c a l m o d u l i n ,  5 mi n
r e a c t i o n  t i m e .  T h i r t y  ul  o f  t h e  " s t o p p e d "  r e a c t i o n  m i x t u r e
( one  a s s a y  v o l u m e )  we r e  r e s o l v e d  on 1 - d i m e n s i o n a I  SDS
p o l y a c r y l a m i d e  g e l  e l e c t r o p h o r e s i s  ( S D S - P A G E ) ,  s t a i n e d  w i t h
C o o ma s s i e  b l u e ,  and  e x p o s e d  on XAR- 5  ( K o d a k )  f i l m  as
p r e v i o u s l y  d e s c r i b e d .
P h o s p h o r y l a t i o n  o f  s p e c i f i c  s u b s t r a t e s  was a s s e s s e d  b o t h  
by e x c i s i o n  o f  s p e c i f i c  bands  f r o m SDS- PAGE g e l s  and  
s c i n t i l l a t i o n  c o u n t i n g  ( 8 ) ,  and by d e n s i t o m e t r i c  s c a n n i n g  of  
a u t o r a d i o g r a p h i c  i mages  ( 2 1 ) .  F o r  q u a n t i t a t i o n  o f  t u b u l i n  
p h o s p h o r y l a t i o n ,  s a mp l e s  w e r e  r e s o l v e d  on 8 . 5 ?  a c r y l a m i d e  
SDS-PAGE g e l s  w i t h  an a e r y  I a m i d e / b i s - a c r y I  ami de  r a t i o  o f  
3 0 : 1 . 8 .  T h i s  p r o c e d u r e  a l l o w e d  c o m p l e t e  s e p a r a t i o n  o f  b e t a -  
t u b u l i n  f r o m t h e  r h o  s u b u n i t  o f  t h e  e n z y m e .  M o l e c u l a r  w e i g h t s  
o f  s p e c i f i c  C o o ma s s i e  b l u e  s t a i n i n g  p o l y p e p t i d e s  w e r e  
d e t e r m i n e d  by m i g r a t i o n  i n SDS-PAGE w i t h  r e s p e c t  t o  known  
m o l e c u l a r  w e i g h t  s t a n d a r d s :  p h o p h o r y l a s e  b ,  b o v i n e  s e r um  
a l b u m i n ,  o v a l b u m i n ,  c a r b o n i c  a n h y d r a s e ,  and s o y b e a n  t r y p s i n  
i n h i b i t o r  ( P h a r m a c i a ) .  I n t h e  c r u d e  t u b u l i n  k i n a s e  
p r e p a r a t i o n  ( 9 ) ,  we o r i g i n a l l y  e s t i m a t e d  t h e  m o l e c u l a r  
w e i g h t s  o f  t h e  c a l m o d u l i n  b i n d i n g  and a u t o p h o s p h o r y I  a t i n g  
bands t o  be a p p r o x i m a t e l y  5 5 , 0 0 0  and 6 5 , 0 0 0  d a l t o n s .  The  
o b s e r v e d  m i g r a t i o n  o f  t h e s e  p o l y p e p t i d e s  ( d e s i g n a t e d  as  t h e  
r h o  and s i gma  s u b u n i t s ,  r e s p e c t i v e l y )  i n  r e l a t i o n  t o  
m o l e c u l a r  w e i g h t  s t a n d a r d s  and a l p h a  a nd  b e t a  t u b u l i n  i s  
h i g h l y  d e p e n d e n t  on t h e  a c r y l a m i d e  c o n t e n t  o f  t h e  g e l  as w e l l  
as  t h e  a e r y  I a m i d e / b i s - a c r y I  ami de  r a t i o .  The f i g u r e s
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; p r e s e n t e d  h e r e  a r e  f o r  m o l e c u l a r  w e i g h t s  d e t e r m i n e d  on 11 cm,
8 . 5 ?  a c r y l a m i d e  g e l s  w i t h  an a e r y  I a m i d e / b i s - a c r y I  a mi d e  r a t i o  
o f  3 0 / 0 . 8 .  Two d i m e n s i o n a l  p o l y a c r y l a m i d e  ge l  
e l e c t r o p h o r e s i s  was p e r f o r m e d  by a m o d i f i c a t i o n  o f  O ' F a r r e l l  
( 2 2 )  as d e s c r i b e d  p r e v i o u s l y  ( 1 3 ) .
125
C a l m o d u l i n  B i n d i n g  i n D e n a t u r i n g  G e l s . l - c a l m o d u l i n
b i n d i n g  t o  p o l y p e p t i d e s  r e s o l v e d  i n d e n a t u r i n g  g e l s  was
a c c o m p l i s h e d  a c c o r d i n g  t o  t h e  met hod o f  C a r l i n ,  e t  a l .  ( 2 3 ) .
B r i e f l y ,  1- d i m e n s i o n  a I SDS-PAGE g e l s  we r e  f i x e d  i n 25?
i s o p r o p y l  a l c o h o l ,  10 % a c e t i c  a c i d  f o r  12 h r s ,  f o l l o w e d  by
r e n a t u r a t i o n  f o r  12 h r s  i n 200  mM N a C I ,  2 mM CaCI  , 50 mM
2
T r i s  H C I , pH 7 . 6  ( B u f f e r  E)  o r  i n B u f f e r  E w i t h  2 mM EGTA
i n s t e a d  o f  2 mM CaCI  . G e l s  we r e  t h e n  washed f o r  2 h r s  w i t h
2
B u f f e r  E c o n t a i n i n g  1 mg/ ml  b o v i n e  ser um a l b u m i n  ( F r a c t i o n  V,
6 125
S i g m a ) .  The g e l s  wer e  o v e r l a y e d  w i t h  5 X 10 cpm o f  I -  
c a l m o d u l i n  i n  50  ml o f  B u f f e r  E f o r  12 h r s .  The g e l s  wer e  
f i n a l l y  washed f o r  24 t o  36 h r s  i n m u l t i p l e  c h a n g e s  o f  B u f f e r
E,  s t a i n e d  w i t h  Co o ma s s i e  b l u e ,  d r i e d  u n d e r  vacuum and
e x p o s e d  t o  x - r a y  f i l m  ( Kodak  X A R - 5 ) .  For  2 - d i m e n s i o n a l  g e l s ,  
t h e  same p r o t o c o l  was f o l l o w e d  e x c e p t  t h a t  t h e  b o t t o m  2 . 0  cm 
of  t h e  se c o nd  d i m e n s i o n  we r e  r e mo v e d  i m m e d i a t e l y  f o l l o w i n g  
e l e c t r o p h o r e s i s  t o  e l i m i n a t e  a m p h o l y t e s  w h i c h  b i n d  
c a l m o d u l i n .  F o r  h i g h  r e s o l u t i o n  o f  enzyme s u b u n i t s ,  p r o t e i nij
j s a mp l e s  we r e  r e s o l v e d  on 20 cm 8 . 5 ?  SDS-PAGE g e l s  w i t h  an
| a e r y  I a m i d e / b I s - a c r y I  ami de  r a t i o  o f  3 0 / 0 . 8 .  To a c h i e v e  t h e
h i g h e s t  r e s o l u t i o n ,  t h e  P y r o n i n  Y t r a c k i n g  dye was r un  o f f
t h e  ge l  f o r  1 . 5  h r s  a t  2 4 0  V.  C a l m o d u l i n  b i n d i n g  was t h e n  
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Phosp hoami no a c i d  A n a l y s i s . P h o s p h o a m i n o  a c i d  a n a l y s i s  was
p e r f o r m e d  by a m o d i f i c a t i o n  o f  t h e  t e c h n i q u e  o f  H u n t e r  and
S e f t o n  ( 2 5 ) .  E x t r a c t s  o f  p h o s p h o r y I a t e d  p r o t e i n s  o b t a i n e d
f r o m  s i n g l e  b a n d s  on 1 o r  2 - d i m e n s i o n a l  g e l s  we r e  h y d r o l y z e d
o
in 6N HCI f o r  1 hr  a t  110 C.  and t h e n  r e s o l v e d  on c e l l u o s e  
t h i n  l a y e r  e l e c t r o p h o r e s i s  a t  pH 3 f o r  7 h r s  a t  500  V .  T h i s  
t e c h n i q u e  a l l o w e d  us t o  r e s o l v e  p h o s p h o s e r i n e , 
p h o s p h o t h r e o n i n e ,  and p h o s p h o t y r o s i n e  a l l  in one d i m e n s i o n  
( F i g u r e  7 ) .  T h i n  l a y e r  p l a t e s  w e r e  e x p o s e d  t o  
a u t o r a d i o g r a p h y  on XAR-5 ( K o d a k )  f i l m .  R e l a t i v e
| i n c o r p o r a t  ion i n t o  p h o s p h o a m i n o a c i d s  was q u a n t i t a t e d  by
1
| d e n s i t o m e t r i c  s c a n n i n g  o f  a u t o r a d i o g r a p h i c  i m a g e s ,
j 125
j l - T r y p t i c  P e p t i d e  M a p p i n g . M a p p i n g  o f  t y r o s i n e - c o n t a i n i n g
• p e p t i d e s  t h r o u g h  i o d i n a t i o n  f o l l o w e d  by 2 - d i m e n s i o n a l  t r y p t i c
p e p t i d e  d i g e s t  f i n g e r p r i n t i n g  was a c c o m p l i s h e d  by t h e  met hod  
o f  E l d e r ,  e t  a l .  ( 2 4 ) .  F o r  p e p t i d e  m a p p i n g ,  r e s o l v e d  p r o t e i n  
s t a i n i n g  bands  c o r r e s p o n d i n g  t o  t h e  s u b u n i t s  o f  t h e  enzyme  
! we r e  c u t  f r o m  a 20 cm h i g h  r e s o l u t i o n  SDS-PAGE g e l  r u n  as
d e s c r i b e d  a b o v e .  A l p h a  and b e t a - t u b u l i n  w e r e  e x c i s e d  f r o m  2 -  
d i m e n s i o n a l  g e l s  f o r  p e p t i d e  m a p p i n g .  One m i l l i o n  cpm o f  
d i g e s t e d  s a m p l e  w e r e  a p p l i e d  t o  c e l l u l o s e  t h i n  l a y e r  p l a t e s  
( M e r c k )  and r e s o l v e d  by 2 - d i m e n s i o n a l  e l e c t r o p h o r e s i s /  
c h r o m a t o g r a p h y .  D e v e l o p e d  p l a t e s  we r e  e x p o s e d  t o  XAR- 5  
( K o d a k ) f i l m .
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RESULTS
2 +
CaI  mod u I i  n K i n a s e  I s o l a t i o n . B r a i n  Ca - c a l m o d u l i n - d e p e n d e n t  
k i n a s e s  a r e  n o t o r i o u s l y  u n s t a b l e  ( 1 3 , 2 6 ) .  To  p r e s e r v e  k i n a s e  
a c t i v i t y ,  r a t  b r a i n s  must  be e x c i s e d  and h o m o g e n i z e d  i n  t h e  
p r e s e n c e  o f  PMSF w i t h i n  20 s e c o n d s  o f  s a c r i f i c e  ( 1 3 ) .  In  
a d d i t i o n ,  a c t i v i t y  r e m a i n s  l a b i l e  in b r a i n  c y t o s o l  and c r u d e  
enzyme f r a c t i o n s .  T h u s ,  p u r i f i c a t i o n  m u s t  p r o c e d e  w i t h  
a l a c r i t y  t o  a v o i d  m a j o r  l o s s e s  in a c t i v i t y .  We f o u n d  t h a t  
f r o m  s a c r i f i c e  t o  p u r i f i c a t i o n  t h r o u g h  e l u t i o n  f r o m  
c a l m o d u l i n  a f f i n i t y  r e s i n  r e q u i r e d  c o m p l e t i o n  w i t h i n  5 h o u r s  
i n  o r d e r  t o  m a x i m i z e  y i e l d .  The i n s t a b i l i t y  o f  k i n a s e  
a c t i v i t y  may be due in p a r t  t o  v a r i o u s  p r o t e a s e s  or  
s p o n t a n e o u s  d e c o m p o s i t i o n ,  as  s u g g e s t e d  by J u s k e v i c h ,  e t  a l  
( 2 6 ) .  As r e p o r t e d  p r e v i o u s l y ,  a c r u d e  k i n a s e  f r a c t i o n  can  be 
s e p a r a t e d  f r o m  c a l m o d u l i n ,  t u b u l i n ,  and p h o s p h a t a s e  a c t i v i t y  
by p h o s p h o c e I  I u I o s e  c h r o m a t o g r a p h y  ( 9 ) .  W h i l e  t h e  enzyme  
a c t i v i t y  was p r e v i o u s l y  e l u t e d  f r o m  p h o s p h o c e I  I u I o s e  r e s i n  
w i t h  a s a l t  g r a d i e n t ,  in o r d e r  t o  d e c r e a s e  p u r i f i c a t i o n  t i m e ,
i
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F i g u r e  1 .  C a I m o d u I i n - a f f i n i + y  c h r o m a t o g r a p h y .
Phosphoce  I I u I o s e  p u r i f i e d  K i n a s e  was c h r o m a t o g r a p h e d  on 
c a I m o d u I ?n - a f f i n i t y  r e s i n  and a c t i v i t y  was e l u t e d  w i t h  2 mM
EGTA ( 0 ------ - 0 ) .  The e l u t i o n  o f  p r o t e i n  was m o n i t o r e d  a t  280
n m C------------ ) .
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i n  t h i s  i n v e s t i g a t i o n  t h e  p h o s p h o c e I  I u o s e  r e s i n  was e l u t e d  
w i t h  t wo  NaCI  washes  o f  150 ^M NaCI  and 350  mM NaCI  ( T a b l e  
1) .
The 3 5 0  mM NaCI  p h o s p h o c e I  I u I o s e  e l u a t e  was d i l u t e d  t o
200  mM N a C I ,  made 5 mM CaCI  , and p a s s e d  o v e r  c a l m o d u l i n -
2
a f f i n i t y  r e s i n .  The r e s i n  was t h e n  washed w i t h  a 200  mM NaCI  
b u f f e r  and e l u t e d  w i t h  EGTA ( F i g .  1 ) .  An i n t e r m e d i a t e  
e l u t i o n  w i t h  5 0 0  mM NaCI  d i d  n o t  r emove  s i g n i f i c a n t  p r o t e i n  
o r  k i n a s e  a c t i v i t y  f r o m t h e  r e s i n .  K i n a s e  a c t i v i t y  e l u t e d  as 
a peak  w i t h  t h e  c h e l a t o r  w a s h .  Some k i n a s e  a c t i v i t y  p a s s e d  
t h r o u g h  t h e  c o l u m n ,  b u t  t h i s  a c t i v i t y  c o u l d  be r e c o v e r e d  
q u a n t i t a t i v e l y  w i t h  a s e c o n d  p a s s  o v e r  t h e  a f f i n i t y  r e s i n .
The c a l m o d u l i n - a f f i n i t y - p u r i f i e d  enzyme was s t a b l e  t o  
f r e e z i n g  o r  I y o p h i I i z a t i o n  i n  t h e  p r e s e n c e  o f  0 . 5  M. s u c r o s e  
o r  0 . 2  M N a C I .  D i a l y s i s  o f  t h e  c a l m o d u l i n  a f f i n i t y  p u r i f i e d  
enzyme a g a i n s t  low i o n i c  s t r e n g t h  b u f f e r ,  o r  p a s s a g e  o v e r  
d e s a l t i n g  c o l u m n s  r e s u l t e d  i n  a l m o s t  c o m p l e t e  l o s s  o f  
a c t  i v i t y .
The c a l m o d u l i n  a f f i n i t y  p u r i f i e d  enzyme was f u r t h e r  
p u r i f i e d  by f r a c t i o n a t i o n  on F r a c t o g e l  TSK HW-55 h i g h  
r e s o l u t i o n  r e s i n .  The p o o l e d  enzyme f r a c t i o n  was 
l y o p h i l i z e d  and t h e n  c h r o m a t o g r a p h e d  on a 2 m e t e r  F r a c t o g e l  
c o l u m n .  F i g u r e  2 d e m o n s t r a t e s  t h a t  F r a c t o g e l  r e s i n  s e p a r a t e d  
t h e  p r e p a r a t i o n  i n t o  s e v e r a l  f r a c t i o n s .  H o w e v e r ,  t h e  f i n a l  
peak o f  t h e  c o l u m n  c o n t a i n e d  g r e a t e r  t h a n  90? o f  t h e  k i n a s e  
a c t i v i t y .  R e s o l u t i o n  o f  t h i s  f i n a l  f r a c t i o n  away f r o m  
e a r l i e r  p e a k s  and  m i n o r  i m p u r i t i e s  on F r a c t o g e l  r e s i n  was 
h i g h l y  d e p e n d e n t  on co l umn l e n g t h  o f  a t  l e a s t  2 m e t e r s ,
51
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F i q u r e  2 .  F r a c t o g e l  TSK HW-55 c h r o m a t o g r a p h y .  ( a )
C a I m o d u I i n - a f f i n i t y  p u r i f i e d  enzyme was c h r o m a t a g r a p h e d  on a 
2 m F r a c t o g e l  c o l umn in low i o n i c  s t r e n g t h  b u f f e r  ( 1 0  mM 
P I P E S ,  pH 6 . 9 ) .  One ml f r a c t i o n s  w e r e  c o l l e c t e d  and a s s a y e d
f o r  t u b u l i n  k i n a s e  a c t i v i t y  u n d e r  s t a n d a r d  c o n d i t i o n s  ( 0 --------
0 ) .  E l u t i o n  was m o n i t o r e d  by a b s o r b a n c e  a t  2 8 0  nm (------------ ) .
( b )  C o o m a s s i e  b l u e  s t a i n i n g  o f  t h e  f i n a l  k i n a s e  f r a c t i o n  f rom  
F r a c t o g e l  c h r o m a t o g r a p h y  r e v e a l e d  t h e  p r e s e n c e  o f  t wo  p r o t e i n  
s p e c i e s  o f  a p p r o x i m a t e l y  5 2 , 0 0 0  ( r h o )  and 6 3 , 0 0 0  ( s i g m a )  
d a l t o n s ,  r e s p e c t i v e l y .  B o t h  bands d i s p l a y e d  c a l m o d u l i n  
b i n d i n g  in  d e n a t u r i n g  g e l s .
53
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TABLE I
T a b l e  I
















1600 500 0.3 100 1
13.8 186 13.5 37 45
1.5 98 65.0 20 216
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i n i t i a l  l o a d i n g  v o l u me  o f  l e s s  t h a n  2 m i s ,  and a f l o w  r a t e  o f
l e s s  t h a n  40  m l s / h r .  I n  a d d i t i o n ,  g e n t l e  hand
h o m o g e n i z a t i o n  o f  t h e  r e s u s p e n d e d ,  l y o p h i l i z e d  enzyme  
f r a c t i o n  was n e c e s s a r y  t o  a v o i d  enzyme a g g r e g a t i o n  and
e l u t i o n  o f  s i g n i f i c a n t  a c t i v i t y  in  t h e  v o i d  v o l ume  o f  t h e
c o l u m n .  T a b l e  1 shows t h a t  t h e  F r a c t o g e I - p u r i f i e d  enzyme  
f r a c t i o n  was p u r i f i e d  o v e r  9 8 0  f o l d  by t h i s  m e t h o d .
Upon C o o m a s s i e  B l u e  s t a i n i n g ,  t h e  p u r i f i e d  enzyme  
c o n t a i n e d  t w o  p o l y p e p t i d e  compo nent s  o f  a p p r o x i m a t e l y  5 2 , 0 0 0  
and 6 3 , 0 0 0  d a l t o n s  ( F i g .  2 b ) ,  d e s i g n a t e d  as enzyme s u b u n i t s  
r h o  and s i g m a ,  r e s p e c t i v e l y .  B o t h  o f  t h e s e  s u b u n i t s  bound  
c a l m o d u l i n  i n  d e n a t u r i n g  g e l s  ( F i g .  2 b ) .  C a l m o d u l i n  b i n d i n g  
t o  r h o  and s i gma  was c o m p l e t e l y  l o s t  by w a s h i n g  w i t h  EGTA 
c o n t a i n i n g  b u f f e r .  The r h o  band c o n s i s t e n t l y  p o s s e s s e d  
h i g h e r  a f f i n i t y  f o r  c a l m o d u l i n  t h a n  t h e  s i gma  band when 
c o r r e c t e d  f o r  p r o t e i n  c o n c e n t r a t i o n ,  m a k i n g  t h e  d e t e c t i o n  o f  
c a l m o d u l i n  b i n d i n g  t o  t h e  s igma band more  d i f f i c u l t  u n l e s s  
h i g h  c o n c e n t r a t i o n s  o f  p r o t e i n  were  u s e d .  W h e t h e r  t h e  
t e c h n i q u e  o f  c a l m o d u l i n  b i n d i n g  t o  d e n a t u r i n g  g e l s  
q u a n t i t a t i v e l y  r e f l e c t s  t h e  a c t u a l  a f f i n i t y  o f  n a t i v e  enzyme  
c ompon e nt s  f o r  c a l m o d u l i n  needs  t o  be d e t e r m i n e d .
S e p h a c r y l  S - 3 0 0  C h r o m a t o g r a p h y . A l t h o u g h  t h e  F r a c t o g e l  
p u r i f i e d  p r e p a r a t i o n  was o v e r  980  f o l d  p u r i f i e d  ( T a b l e  1)  and  
c o n t a i n e d  o n l y  t wo  p e p t i d e  c o m p o n e n t s ,  t h e  a p p a r e n t  
h o m o g e n e i t y  o f  t h i s  enzyme p r e p a r a t i o n  and i t s  n a t i v e  
m o l e c u l a r  w e i g h t  w e r e  f u r t h e r  a s s e s s e d  e m p l o y i n g  S e p h a c r y l  S -  
300 g e l  f i l t r a t i o n  r e s i n .  F i g u r e  3A shows t h a t  k i n a s e  
a c t i v i t y  was i n c l u d e d  i n  t h e  S e p h a c r y l  S - 3 0 0  bed v o l u m e ,
55
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F i g u r e  3 .  C h r o m a t o g r a p h y  on S e p h a c r y l  S - 3 0 0  S u p e r f i n e .  ( a )  
F r a c t o g e I - p u r i f i e d  enzyme c h r o m a t o g r a p h e d  on S e p h a c r y l  S - 3 0 0  
w i t h  an a p p a r e n t  m o l e c u l a r  w e i g h t  o f  a p p r o x i m a t e l y  6 0 0 , 0 0 0  
d a l t o n s .  ( b )  The k i n a s e  f r a c t i o n  o b t a i n e d  f r o m  
c h r o m a t o g r a p h y  on S e p h a c r y l  d i s p l a y e d  o n l y  t wo  s i l v e r  
s t a i n i n g  p r o t e i n  c o m p o n e n t s  o f  5 2 , 0 0 0  ( r h o , ^ )  and 6 3 , 0 0 0  
( s i g m a , i f )  d a l t o n s ,  r e s p e c t i v e l y ,  when r e s o l v e d  on 1 -  
d i m e n s i o n a l  SDS-PAGE.  B o t h  t h e  r h o  and s i gma s u b u n i t s  o f  t h e  
k i n a s e  bound c a l m o d u l i n  i n  d e n a t u r i n g  g e l s  and d i s p l a y e d  
c h a r a c t e r i s t i c  a u t o p h o s p h o r y l a t i o n .  The  d e n s i t o m e t r i c  scan
d e m o n s t r a t e s  t h a t  t h e  p r o t e i n  s t a i n i n g  ( --------- ) and c a l m o d u l i n
b i n d i n g  (————) c o i n c i d e .  T h e s e  p a t t e r n s  we r e  i d e n t i c a l  t o  
t h o s e  seen f o r  t h e  F r a c t o g e l  p u r i f i e d  enzyme ( F i g .  2 ) .
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e l u + i n g  as a s i n g l e  peak  w i + h  an a p p a r e n t  m o l e c u l a r  w e i g h t  of  
a p p r o x i m a t e l y  6 0 0 , 0 0 0  d a l t o n s  ( M e t h o d s ) .  The  e l u t e d  k i n a s e  
peak was s u b j e c t e d  t o  SDS-PAGE,  and s t a i n e d  w i t h  t h e  v e r y  
s e n s i t i v e  s i l v e r  p r o t e i n  s t a i n i n g  t e c h n i q u e  ( F i g .  3 b ) .  Two 
c l a s s e s  o f  p o l y p e p t i d e s ,  one  o f  5 2 , 0 0 0  d a l t o n s  ( r h o )  and one  
o f  6 3 , 0 0 0  d a l t o n s  ( s i g m a )  wer e  o b s e r v e d .  F i g u r e  3b shows  
t h a t  b o t h  t h e  r h o  and s i g ma  S e p h a c r y l  S - 3 0 0  enzyme c o m p l e x  
s u b u n i t s  bound c a l m o d u l i n  in d e n a t u r i n g  g e l s .  T h u s ,  t h e  
enzyme c o m p l e x  as f u r t h e r  r e s o l v e d  on S e p h a c r y l  d i s p l a y e d  
e s s e n t i a l l y  i d e n t i c a l  s u b u n i t  c h a r a c t e r i s t i c s  and c a l m o d u l i n  
b i n d i n g  p r o p e r t i e s  t o  t h e  F r a c t o g e l - p u r i f i e d  enzyme  
p r e p a r a t i o n .
C o n c e n t r a t i o n  by I y o p h i I i z a t i o n  o r  o t h e r  t e c h n i q u e s  
( M e t h o d s )  o f  F r a c t o g e I - p u r i f i e d  enzyme f o r  c h r o m a t o g r a p h y  on 
S e p h a c r y l  r e s i n  r e s u l t e d  i n  a l o s s  o f  a p p r o x i m a t e l y  5055 of  
enzyme a c t i v i t y .  T h u s ,  s i n c e  no s i g n i f i c a n t  d i f f e r e n c e s  in 
s u b u n i t  c h a r a c t e r i s t i c s  b e t w e e n  enzyme p u r i f i e d  on F r a c t o g e l  
or  F r a c t o g e I - p u r i f i e d  k i n a s e  f u r t h e r  p u r i f i e d  on S e p h a c r y l ,  
as d e t e r m i n e d  by t h e  h i g h l y  s e n s i t i v e  s i l v e r  s t a i n i n g  
t e c h n i q u e ,  we r e  o b s e r v e d ,  we j u d g e d  F r a c t o g e I - p u r i f i e d  enzyme  
t o  be an a p p a r e n t l y  homogeneous p r e p a r a t i o n .
K i n a s e  A u t o p h o s p h o r y l a t i o n . Bo t h  t h e  r h o  and s i gma  s u b u n i t s  
of  t h e  k i n a s e  d e m o n s t r a t e d  a u t o p h o s p h o r y l a t i o n  in t h e  a b s e n c e  
of  added s u b s t r a t e  as seen  in 1- d i m e n s i o n a I  SDS-PAGE ( F i g .
4 ) .  To f u r t h e r  e x c l u d e  t h e  r e m o t e  p o s s i b i l i t y  t h a t  t h e  
a u t o p h o s p h o r y l a t i o n  c o m i g r a t i n g  w i t h  t h e  r h o  and s i gma  
c a l m o d u l i n  b i n d i n g  s u b u n i t s  was due t o  m i n o r  p r o t e i n  
c o n t a m i n a n t s  w i t h  t h e  same m o l e c u l a r  w e i g h t s ,  t h e
58
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F i g u r e  4 .  A u t o r a d i o g r a p h i c  p a t t e r n s  o f  a u t o p h o s p h o r y l a t i o n  
and c a l m o d u l i n  b i n d i n g  o f  p u r i f i e d  k i n s a e  on 1- d i m e n s i o n a I  
and 2 - d i m e n s i o n a l  g e l s .  ( a )  The enzyme  p h o s p h o r y I a t e d  i n  t h e  
a b s e n c e  o f  s u b s t r a t e  u n d e r  s t a n d a r d  c o n d i t i o n s  f o r  1 min was 
r e s o l v e d  on 1- d i m e n s i o n a I  SDS-PAGE and 2 - d i m e n s i o n a l  
i s o e l e c t r i c  f o c u s  i n g / S D S - P A G E . B o t h  t h e  p hosp h o r y  I a t e d  r h o  (,£>) 
and s i g ma  I d  ) s u b u n i t s  o f  t h e  k i n a s e  f o c u s  a t  p l ° s  b e t w e e n
6 . 7  and 7 . 2 .  ( b )  K i n a s e  ( 1 0  ug)  p r e p a r a t i o n s  w e r e  r e s o l v e d
in 1 - d i m e n s i o n a l  and  2 - d i m e n s i o n a l  e l e c t r o p h o r e s i s  and  
p r o c e s s e d  f o r  c a l m o d u l i n  b i n d i n g .  I n  b o t h  s y s t e m s ,  t h e  r h o  (/>} 
and s i gma ( 6  ) s u b u n i t s  o f  t h e  enzyme bound c a l m o d u l i n .  The  
a u t o p h o s p h o r y l a t i o n  and c a l m o d u l i n  b i n d i n g  p a t t e r n s  c o i n c i d e d  
w i t h  t h e  p r o t e i n  s t a i n i n g  o f  t h e s e  s u b u n i t s  ( d a t a  n o t  s h o w n ) .
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a u + o p h o s p h o r y I a + e d  enzyme s y s t e m  was s u b j e c t e d  t o  2 -  
d i m e n s i o n a l  p o l y a c r y l a m i d e  g e l  e l e c t r o p h o r e s i s .  F i g u r e  4A 
' d i s p l a y s  t h e  p a t t e r n  o f  c a l m o d u l i n - d e p e n d e n t  enzyme
a u t o p h o s p h o r y l a t i o n  a t  1 m i n u t e  as r e s o l v e d  in  2 - d i m e n s i o n a l  
I p o l y a c r y l a m i d e  g e l s .  The r h o  s u b u n i t  i s  r e s o l v e d  i n t o
i s e v e r a l  t i g h t l y  s p a c e d  p h o s p h o r y I a t e d  s p o t s  b e t w e e n  p l ° s  o f
6 . 7  and 7 . 2  and t h e  p h o s p h o r y I a t e d  s i gma  s u b u n i t  i s  seen  as a 
j f a i n t  s t r e a k  i n  a s i m i l a r  i s o e l e c t r i c  r a n g e .  The p a t t e r n s  o f
; r h o  and s i gma a u t o p h o s p h o r y l a t i o n  on 1- d i m e n s  I o n a I  and 2 -
; d i m e n s i o n a l  g e l  e l e c t r o p h o r e s i s  c o m i g r a t e d  e x a c t l y  w i t h  t h e i r
r e s p e c t i v e  p r o t e i n  s t a i n i n g  p a t t e r n s  o b t a i n e d  in  t h e s e
! j
j j e l e c t r o p h o r e s i s  s y s t e m s  ( d a t a  n o t  s h o w n ) .  F u r t h e r m o r e ,  when
I j c a l m o d u l i n  b i n d i n g  in  d e n a t u r i n g  2 - d i m e n s i o n a l  g e l s  was
j
j i n v e s t i g a t e d  ( F i g .  4 b ) ,  a p a t t e r n  e s s e n t i a l l y  i d e n t i c a l  t o
;
t h a t  f o r  a u t o p h o s p h o r y l a t i o n  o f  t h e  r h o  and s i gma  s u b u n i t s  
was o b s e r v e d .  T h u s ,  in  b o t h  1 - d i m e n s i o n a l  and  2 - d i m e n s i o n a l  
I e l e c t r o p h o r e s i s  s y s t e m s ,  t h e  a u t o p h o s p h o r y I a t e d  k i n a s e
; s u b u n i t s  a r e  a l s o  c a l m o d u l i n  b i n d i n g  s u b u n i t s ,
i Ahmad,  e t  a l .  ( 2 7 )  have  r e c e n t l y  r e p o r t e d  t h a t  t h e
! s u b u n i t s  o f  l i v e r  g l y c o g e n  s y n t h a s e  d e m o n s t r a t e  c h a n g e s  in
ii
j m o b i l i t y  when p h o s p h o r y I a t e d  i n  t h e  a b s e n c e  o f  s u b s t r a t e .
I
j S i m i l a r l y ,  a u t o p h o s p h o r y l a t i o n  o f  t h e  r h o  and s i gma s u b u n i t s
; of  t h i s  c a l m o d u l i n  d e p e n d e n t  k i n a s e  o v e r  t i m e  in  t h e  a b s e n c e
o f  added s u b s t r a t e  g e n e r a t e d  l o w e r  m o b i l i t y  p h o s p h o r y I a t e d  
s p e c i  es ( F i g .  5 ) .
'' S u b s t r a t e  S p e c i f i c i t y . C a l m o d u l i n - d e p e n d e n t  k i n a s e
j a c t i v i t i e s  have  been  i s o l a t e d  w h i c h  p h o s p h o r y  I a t e  a v a r i e t y
I
i of  s u b s t r a t e s  ( 3 - 8 ,  2 7 ) .  T u b u l i n  i s  a m a j o r  s u b s t r a t e  f o r
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i
F i g u r e  5 .  A u + o p h o s p h o r y I a + i o n  o f  t h e  k i n a s e .  P u r i f i e d  
enzyme ( 1 . 0  ug)  was p h o s p h o r y I a t e d  in  t h e  a b s e n c e  o f  
s u b s t r a t e  u n d e r  s t a n d a r d  c o n d i t i o n s  f o r  1 t o  15 m i n u t e s .  The  
a u t o r a d i o g r a p h  shows t h a t  p h o s p h o r y l a t i o n  o f  b o t h  r h o  ( f i  ) 
and s i g ma  I 6 )  s u b u n i t s  o v e r  t i m e  p r o d u c e d  l o w e r  m o b i l i t y  
p h o s p h o r y I a t e d  s p e c i e s .  No f u r t h e r  c h a n g e s  w e r e  seen a t  
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M yelin basic protein 2o:i
o-Tubulin 109
.f-Tubulin 100
Myosin light chains (smooth muscle) ol
Casein :t:t
Phosvitin : v i
Histone H.5 lArg-rich) 17
H is io n e H l (Lys-rich) s
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2+
c y + o s o l i c  Ca - c a l m o d u l i n  d e p e n d e n t  t u b u l i n  k i n a s e  _i_£ v i t r o  
( 1 3 ) .  We h a v e  d e t e r m i n e d  o u r  y i e l d  o f  t h e  enzyme t h r o u g h  
m o n i t o r i n g  t u b u l i n  k i n a s e  a c t i v i t y .  To f u r t h e r  c h a r a c t e r i z e  
t h e  p h o s p h o r y l a t i o n  p r o p e r t i e s  o f  t h e  p u r i f i e d  e n z y m e ,  we 
s t u d i e d  i t s  a b i l i t y  t o  p h o s p h o r y I  a t e  a number  o f  s p e c i f i c  and  
n o n - s p e c i f i c  c a l m o d u l i n - d e p e n d e n t  k i n a s e  s u b s t r a t e s .  T a b l e  2 
d i s p l a y s  t h e  r e l a t i v e  p h o s p h o r y l a t i o n  o f  t h e s e  s u b s t r a t e s  
c o mp ar ed  w i t h  b e t a - t u b u I i n . S u b s t r a t e s  we r e  g e n e r a l l y  
d i v i d e d  i n t o  t h r e e  c a t e g o r i e s :  ( 1 )  F o u r  s u b s t r a t e s  ( b e t a -
t u b u l i n ,  a I p h a - t u b u I i n , M A P - 2 ,  and m y e l i n  b a s i c  p r o t e i n )  were  
a l l  v e r y  good s u b s t r a t e s  f o r  k i n a s e  a c t i v i t y ;  ( 2 )  F o u r  
s u b s t r a t e s  ( H i s t o n e  H 2 a - a r g i n i n e  r i c h ,  p h o s v i t i n ,  c a s e i n  and 
sm ooth m u s c l e  m y o s i n  l i g h t  c h a i n s )  d e m o n s t r a t e d  m o d e r a t e  
s u b s t r a t e  p o t e n t i a l ;  and ( 3 )  Fo u r  s u b s t r a t e s  ( P r o t e i n  I ,  
p h o s p h o r y I  a s e  b ,  g l y c o g e n  s y n t h a s e ,  and h i s t o n e  H 1 - l y s i n e -  
r i c h )  showed l i t t l e  o r  no a p p r e c i a b l e  k i n a s e  s u b s t r a t e  
a c t  i v i t y .
M y e l i n  b a s i c  p r o t e i n  i s  an e s p e c i a l l y  good n o n - s p e c i f i c
s u b s t r a t e  f o r  t h i s  k i n a s e  a l t h o u g h  i t s  a p p a r e n t  K i s
m
a p p r o x i m a t e l y  10 t i m e s  h i g h e r  t h a n  t h a t  f o r  b e t a - t u b u I i n . 
MAP- 2 ,  t h e  h e a t  s t a b l e ,  2 7 0 , 0 0 0  da I t o n  m i c r o t u b I e - a s s o c i a t e d  
p r o t e i n ,  was t h e  b e s t  s u b s t r a t e  t e s t e d .  F i g u r e  6
! d e m o n s t r a t e s  t h a t  a d d i t i o n  o f  t w i c e - p o l y m e r i z e d  m i c r o t u b u l e
! p r o t e i n  ( w h i c h  c o n t a i n s  b o t h  t u b u l i n  and MAP- 2 )  r e s u l t s  in
; c a l m o d u l i n  d e p e n d e n t  p h o s p h o r y l a t i o n  o f  b o t h  t u b u l i n  and h i g h
j m o l e c u l a r  w e i g h t  m i c r o t u b u l e - a s s o c i a t e d  p r o t e i n s .
Phosphoam i no a c i d  a n a l y s i s . F u r t h e r  c h a r a c t e r i z a t i o n  o f  










( M.W. Basic 
i (kd).









Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
F i g u r e  6 .  P h o s p h o r y l a t i o n  o f  t u b u l i n  and m i c r o t u b u l e  
a s s o c i a t e d  p r o t e i n s  by t h e  e n z y m e .  M i c r o t u b u l a r  p r o t e i n  ( 10  
ug o f  t w i c e  p o l y m e r i z e d  m i c r o t u b u l e s )  was i n c u b a t e d  u n d e r  
s t a n d a r d  c o n d i t i o n s  w i t h  p u r i f i e d  k i n a s e  ( 0 . 5  ug)  in t h e  
p r e s e n c e  o f  c a l m o d u l i n  (1 ug)  and r e s o l v e d  on 2 - d i m e n s i o n a l  
g e l  e l e c t r o p h o r e s i s .  The a u t o r a d i o g r a p h  shows t h a t  t h e  
k i n a s e  p h o s p h o r y I a t e d  b o t h  a l p h a  ( e < T )  and b e t a  T)  t u b u l i n  
as w e l l  as t h e  h i g h  m o l e c u l a r  w e i g h t  m i c r o t u b u l e  a s s o c i a t e d  
p r o t e i n  M A P - 2 .  The a u t o r a d i o g r a p h  a l s o  shows t h a t  t h e  
a u t o p h o s p h o r y l a t i o n  o f  t h e  r h o  ( p  ) and s i g ma  ( 6  ) s u b u n i t s  
o f  t h e  enzyme can be c l e a r l y  s e p a r a t e d  f r o m  t u b u l i n  on 2 -  
d i m e n s i o n a l  g e l  e l e c t r o p h o r e s i s .








B  SUBSTRATE % P-SER % P-THR
p Tubulin 4 0 60
a Tubulin 100 0
MAP-2 85 15
MBP 100 0
a 9 0 10
P 90 10
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F T qu r e  7 .  P h o s p h o a m i n o  a c i d  a n a l y s i s  p h o s p h o r y I a t e d  
s u b s t r a t e s .  ( a )  A l p h a  ( oC T)  and b e t a  ( ^ 3 T )  t u b u l i n  we r e  
p h o s p h o r y I a t e d  by p u r i f i e d  k i n a s e  u n d e r  s t a n d a r d  c o n d i t i o n s  
and r e s o l v e d  on 2 - d i m e n s i o n a l  g e l s .  The p h o s p h o r y I a t e d  s p o t s  
we r e  t h e n  s u b j e c t e d  t o  p h o s p h o a m i n o  a c i d  a n a l y s i s  by s t a n d a r d  
p r o c e d u r e s .  N i n h y d r i n  s t a i n i n g  o f  p h o s p h o a m i n o  a c i d  
s t a n d a r d s  show t h a t  t h e  p r o c e d u r e  s e p a r a t e d  in one d i m e n s i o n  
p h o s p h o s e r i n e , p h o s p h o t h r e o n i n e ,  and p h o s p h o t y r o s i n e . The  
a u t o r a d i o g r a p h s  d e m o n s t r a t e  t h a t  w h i l e  a I p h a - t u b u I i n  was 
p h o s p h o r y I a t e d  p r e d o m i n a n t l y  on s e r i n e  r e s i d u e s ,  b e t a - t u b u l i n  
was p h o s p h o r y I a t e d  on b o t h  t h r e o n i n e  and s e r i n e  r e s i d u e s .  ( b ) 
Amino a c i d  p h o s p h o r y l a t i o n  o f  a l p h a  and b e t a - t u b u l i n ,  M A P - 2 ,  
m y e l i n  b a s i c  p r o t e i n  (MBP) by p u r i f i e d  k i n a s e ,  and t h e  
a u t o p h o s p h o r y l a t i o n  o f  t h e  r h o  ( p  ) and s i gma  ( 6  )
| s u b u n i t s  o f  t h e  enz yme we r e  q u a n t i t a t e d  by d e n s i t o m e t r i c
s c a n n i n g  o f  a u t o r a d i o g r a p h i c  i mages  o r  s c i n t i l l a t i o n  c o u n t i n g  
o f  i s o l a t e d  p h o s p h o a m i n o  a c i d  s p o t s .  The d a t a  a r e  e x p r e s s e d  
< as p e r c e n t  s e r i n e  and t h r e o n i n e  p h o s p h o r y l a t i o n .  No t y r o s i n e
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p r o t e i n s  t o  p h o s p h o a m i n o  a c i d  a n a l y s i s  ( F i g .  7 ) .  W h i l e
2 +
i t u b u l i n  p h o s p h o r y l a t i o n  by e n d o g e n o u s  Mg - d e p e n d e n t  K i n a s e
i |
| 1 was f o u n d  t o  o c c u r  m a i n l y  on s e r i n e  r e s i d u e s  ( d a t a  n o t
! I 2+
: . s h o w n ) ,  Ca - c a l m o d u l i n  s t i m u l a t e d  p h o s p h o r y l a t i o n  o f  b e t a -
i ,
i t u b u l i n  by t h e  enzyme  e l i c i t e d  60J  o f  t h e  p h o s p h o r y l a t i o n  on
: i
i t h r e o n i n e  r e s i d u e s .  A I p h a - t u b u I i n  was p r e d o m i n e n 1 1 y
| i
I p h o s p h o r y I  a t e d  on s e r i n e  r e s i d u e s ,  as was m y e l i n
: i
b a s i c  p r o t e i n .  MAP-2  and t h e  a u t o p h o s p h o r y l a t i o n  o f  t h e  r h o
\
j and s i g ma  k i n a s e  s u b u n i t s  a l l  showed m a i n l y  s e r i n e
i I p h o s p h o r y l a t i o n  w i t h  a s m a l l  amount  o f  t h r e o n i n e
j p h o s p h o r y l a t i o n .  T h e  k i n a s e  d i d  n o t  p h o s p h o r y I  a t e  t y r o s i n e
i1
i r e s i d u e s  on any  o f  t h e  s u b s t r a t e s  t e s t e d .
| K i n e t i c  P r o p e r t i e s . V a r i o u s  k i n e t i c  p a r a m e t e r s  o f  k i n a s e
j
| a c t i v i t y  w e r e  i n v e s t i g a t e d .  F i g u r e  8A d e m o n s t r a t e s  t h a t
| enzyme p h o s p h o r y l a t i o n  o f  b e t a - t u b u l i n  r e a c h e d  and m a i n t a i n e d
I
j a maximum l e v e l  f o r  o v e r  30 m i n u t e s  o f  i n c u b a t i o n ,
ii
| d e m o n s t r a t i n g  t h a t  t h e  f i n a l  k i n a s e  p r e p a r a t i o n  was
i
J
t e s s e n t i a l l y  f r e e  o f  p h o s p h a t a s e  a c t i v i t y .  S i m i l a r  d a t a  wer e
i
! o b t a i n e d  f o r  a I p h a - t u b u I i n , MA P- 2 ,  and t h e
| a u t o p h o s p h o r y l a t i o n  o f  t h e  enzyme s u b u n i t s .  The k i n a s e
1
i p h o s p h o r y I a t e d  b e t a - t u b u l i n  w i t h  an a p p a r e n t  K f o r  ATP o f  7
i! uM ( F i g .  8 B ) ,  w i t h  s i m i l a r  K ° s  f o r  MAP-2 and a I p h a - t u b u I i n
! . m
] p h o s p h o r y l a t i o n .  U n d e r  " m a x i m a l  p h o s p h o r y l a t i o n  c o n d i t i o n s "
j ( E x p e r i m e n t a l  P r o c e d u r e s ) ,  t h e  enzyme i n c o r p o r a t e d
j a p p r o x i m a t e l y  0 . 8  m o l e s  o f  p h o s p h a t e  i n t o  one m o l e  o f  b e t a -
j t u b u l i n .  F o r  a l l  s u b s t r a t e s  and a u t o p h o s p h o r y l a t i o n ,  t h e
k i n a s e  d i s p l a y e d  h a l f - m a x i m a l  s t i m u l a t i o n  o f  p h o s p h o r y l a t i o n  
a t  50 nM c a l m o d u l i n  ( F i g ,  8 C ) .  A l s o  f o r  a l l  s u b s t r a t e s  and
i
j
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F i g u r e  8 .  K i n e t i c  p r o p e r t i e s  o f  k i n a s e  p h o s p h o r y l a t i o n  of
b e t a - t u b u l i n .  ( a )  T u b u l i n  ( 1 0  ug)  was i n c u b a t e d  w i t h
p u r i f i e d  k i n a s e  u n d e r  s t a n d a r d  c o n d i t i o n s  i n  t h e  p r e s e n c e  of
c a l m o d u l i n  ( 1 0  uM) f o r  v a r y i n g  p e r i o d s  o f  t i m e .  The r e s u l t s
a r e  e x p r e s s e d  as  a p e r c e n t  o f  t h e  maximum b e t a - t u b u l i n
p h o s p h o r y l a t i o n .  ( b )  T u b u l i n  ( 1 0  ug)  was i n c u b a t e d  w i t h
p u r i f i e d  k i n s e  u n d e r  s t a n d a r d  c o n d i t i o n s  in  t h e  p r e s e n c e  o f
c a l m o d u l i n  and v a r y i n g  c o n c e n t r a t i o n s  o f  ATP.  The r e s u l t s
32
a r e  d i s p l a y e d  as  p m o l e s  o f  P i n c o r p o r a t e d  i n t o  b e t a - t u b u l i n  
in one  " a s s a y  v o l u m e "  ( E x p e r i m e n t a l  P r o c e d u r e s ) .  The k i n a s e
d i s p l a y e d  a K o f  7 uM f o r  ATP.  ( c )  T u b u l i n  ( 1 0  ug)  was
m
i n c u b a t e d  w i t h  p u r i f i e d  enzyme u n d e r  s t a n d a r d  c o n d i t i o n s  in
t h e  p r e s e n c e  o f  v a r y i n g  a mo unt s  o f  c a l m o d u l i n .  The enzyme
d i s p l a y e d  an a p p a r e n t  K f o r  c a l m o d u l i n  o f  50 nM. ( d )
a
V a r y i n g  amount s  o f  t u b u l i n  w e r e  i n c u b a t e d  w i t h  t h e  k i n a s e
u n d e r  s t a n d a r d  c o n d i t i o n s  in  t h e  p r e s e n c e  o f  c a l m o d u l i n .  The
enzyme d i s p l a y e d  a a p p a r e n t  K o f  0 . 1 3  uM f o r  b e t a - t u b u l i n
m
and 0 . 1 1  uM f o r  a l p h a  t u b u l i n .
72
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j a u t o p h o s p h o r y l a t i o n ,  ha I f - m a x i m a I  a c t i v i t y  was o b s e r v e d  a t  1
| 2+
i mM Mg . The a p p a r e n t  K f o r  b e t a - t u b u l i n  ( F i g .  8 0 )  and
I m
| a I p h a - t u b u I i n  wer e  0 . 1 3  uM and 0 . 1 1  uM, r e s p e c t i v e l y .  MAP-2
i
j d i s p l a y e d  an a p p a r e n t  K o f  0 . 1 1  uM. F i n a l l y ,  m y e l i n  b a s i c
; m
i p r o t e i n  d e m o n s t r a t e d  an a p p a r e n t  K o f  1 uM, a l m o s t  an o r d e r
j mj  of  m a g n i t u d e  h i g h e r  t h a n  t u b u l i n .  K i n e t i c  p a r a m e t e r s  f o r  t h e
1 c a l m o d u l i n  a f f i n i t y  p u r i f i e d  f r a c t i o n  we r e  s i m i l a r  t o  t h o s e
t
; f o u n d  f o r  t h e  F r a c t o g e l  p u r i f i e d  e n z y m e .
1
] H i gh  R e s o I u t  i on S e p a r a t  ? on o f  K i nase  S u b u n i t s . To f u r t h e r
j
• r e s o l v e  t h e  r h o  and s i gma  enzyme s u b u n i t s ,  t h e  p u r i f i e d
ij enzyme was s u b j e c t e d  t o  h i g h  r e s o l u t i o n  SDS-PAGE on a 20 cm
gel  in  one d i m e n s i o n  as d e s c r i b e d  in t h e  E x p e r i m e n t a l
P r o c e d u r e s .  T h i s  h i g h  r e s o l u t i o n  me t hod  r e s o l v e d  r h o  i n t o
m a j o r  ( r h o  ) and m i n o r  ( r h o  ) C o o ma s s i e  b l u e  s t a i n i n g  bands
1 2 
( F i g .  9 ) .  The s igma s u b u n i t ,  w h i c h  s o m e t i m e s  r e s o l v e s  i n t o  a
d o u b l e t  on nor ma l  1- d i m e n s i o n a I  SDS-PAGE g e l s ,  was c l e a r l y
r e s o l v e d  i n t o  two bands  ( s i g m a  and s i gma ) .  A l l  f o u r  o f  t h e
1 2
enzyme s u b u n i t  p o l y p e p t i d e s  bound c a l m o d u l i n  ( F i g .  9 ) .
Mapp i nq o f  T y r o s i n e  C o n t a  i n ? nq T r y p t i c  P e p t  i d e s . To d i s c e r n
w h e t h e r  t h e  r h o  , r h o  , s i gma , and s i gma  s u b u n i t s  o f  t h e  
1 2  1 2 
k i n a s e  w e r e  r e l a t e d  p o l y p e p t i d e  s p e c i e s ,  2 - d i m e n s i o n a l  
125
mappi ng  o f  t - l a b e l l e d  t y r o s i n e  c o n t a i n i n g  t r y p t i c  p e p t i d e s
was p e r f o r m e d  on t h e  s u b u n i t  bands  i s o l a t e d  f r o m  h i g h
r e s o l u t i o n  1- d i m e n s i o n a I  g e l s .  T h e s e  f i n g e r p r i n t s  show t h a t
a l l  f o u r  b a n ds  p o s s e s s  s i g n i f i c a n t  h o m o l o g i e s  i n  t h e i r  m a j o r
p e p t i d e  s p e c i e s  ( F i g u r e  1 0 ) .  The s i gma  and s i gma  s u b u n i t s
1 2
m a n i f e s t  e s s e n t i a l l y  i d e n t i c a l  p e p t i d e  maps,  and i t  i s
73
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F i g u r e  9 .  E l e c t r o p h o r e s i s  o f  t h e  enzyme on h i g h  r e s o l u t i o n
1- d i m e n s i o n a I  SDS-PAGE.  P u r i f i e d  k i n a s e  ( 1 0  ug)  was r e s o l v e d
on h i g h  r e s o l u t i o n  1 - d i m e n s i o n a l  SDS-PAGE g e l s  and p r o c e s s e d
f o r  c a l m o d u l i n  b i n d i n g .  ( a )  H i g h  r e s o l u t i o n  SDS-PAGE
s e p a r a t e d  t h e  r h o  s u b u n i t  o f  t h e  enzyme i n t o  m a j o r  ( r h o  , , 0, )
1
and m i n o r  ( r h o  , p ^ )  p r o t e i n  s t a i n i n g  b a n d s .  The s i gma  
2
s u b u n i t  o f  t h e  enzyme was a l s o  s e p a r a t e d  i n t o  t wo  c o mp o n e n t s
( s i g m a  , and s i gma , ) The scan o f  t h e  d r i e d  g e l  i s
1 2 
shown f o r  r e f e r e n c e .  ( b )  The a u t o r a d i o g r a p h  o f  t h e
c a l m o d u l i n  b i n d i n g  c o r r e s p o n d i n g  t o  t h e  p r o t e i n  p a t t e r n  in
( a )  d e m o n s t r a t e s  t h a t  a l l  f o u r  o f  t h e  TACK s u b u n i t s  b i n d
c a l m o d u l i n  i n  d e n a t u r i n g  g e l s .  The  scan o f  t h e
a u t o r a d i o g r a p h  shows t h a t  t h e  c a l m o d u l i n  b i n d i n g  c o i n c i d e d
125
w i t h  t h e  p r o t e i n  s t a i n i n g .  l - c a l m o d u l i n  b i n d i n g  was
c o m p l e t e l y  i n h i b i t e d  in t h e  p r e s e n c e  o f  2 mM EGTA o r  an 
e x c e s s  o f  n o n - r a d i o a c t i v e  c a l m o d u l i n .
75
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FIGURE 10
RHO, R H 0 2 £ - t u b u l in
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SIGMA, s ig m a 2 cc- t u b u l in
:  . Z .
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F i g u r e  10.  I —l a b e l l e d  t r y p t i c  p e p t i d e  d i g e s t  f i n g e r p r i n t s
o f  t h e  k i n a s e  s u b u n i t s  and a l p h a  and b e t a - t u b u l i n .  The f o u r
s u b u n i t s  o f  t h e  enz y me  s e p a r a t e d  on h i g h  r e s o l u t i o n  1 -
d i m e n s i o n a l  SDS-PAGE ( F i g .  9)  we r e  e x c i s e d  f r o m  t h e  g e l  and
p r o c e s s e d  f o r  t r y p t i c  p e p t i d e  m a p p i n g .  The  a u t o r a d i o g r a p h s
o f  t h e  p e p t i d e  maps d e m o n s t r a t e  t h a t  a l l  f o u r  s u b u n i t s  ( r h o  ,
1
r h o  , s i g ma  , and s i g ma  ) c o n t a i n  s i g n i f i c a n t  h o m o l o g i e s  in 
2 1 2 
t h e i r  m a j o r  p e p t i d e  f r a g m e n t s .  S i gma  and s i gma  d i s p l a y
1 2
e s s e n t i a l l y  i d e n t i c a l  p e p t i d e  map p a t t e r n s .  The  s u b u n i t s  o f  
TACK a r e  c l e a r l y  d i s t i n c t  f r o m  a l p h a  and b e t a - t u b u l i n  b a s e d  
on t h e i r  t r y p t i c  p e p t i d e  maps.
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t h e r e f o r e  p o s s i b l e  t h a t  t h e y  r e p r e s e n t  d i f f e r e n t  s t a t e s  o f  
e n d o g e n o u s  p h o s p h o r y l a t i o n  o r  o t h e r  c o v a l e n t  m o d i f i c a t i o n .  
A l t h o u g h  t h e r e  a r e  v e r y  s t r o n g  h o m o l o g i e s  b e t w e e n  t h e  s i gma  
and r h o  s u b u n i t s ,  c a r e f u l  c o m p a r i s o n  o f  t h e  t r y p t i c  maps
r e v e a l s  t h a t  m i n o r  b u t  s i g n i f i c a n t  p e p t i d e s  o f  t h e  r h o  
s u b u n i t s  do n o t  a p p e a r  in  t h e  s i gma  s u b u n i t  maps.  S i m i l a r l y ,  
t h e  map f o r  r h o  i s  n o t  c o m p l e t e l y  i n c l u d e d  in t h e  map f o r
r h o  . T h u s ,  t h e  d a t a  s u g g e s t  t h a t  r h o  , r h o  , and t h e  s i gma  
2 1 2 
p o l y p e p t i d e s  a r e  a h i g h l y  h o m o l o g o u s ,  y e t  d i s t i n c t  f a m i l y  o f
c a l m o d u l i n  b i n d i n g  p r o t e i n s .  F i g u r e  10 a l s o  shows t h a t  t h e
enzyme s u b u n i t s  a r e  c l e a r l y  d i s t i n c t ,  b a s e d  on p e p t i d e
m a p p i n g ,  f r o m  a l p h a  and b e t a - t u b u l i n .
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DI SCUSSION
The p r e s e n t  i n v e s t i g a t i o n  d o c u m e n t s  a g r e a t e r  t h a n  980  
f o l d  p u r i f i c a t i o n  t o  a p p a r e n t  h o m o g e n e i t y  o f  a b r a i n  
c y t o s o l i c ,  c a l m o d u l i n - d e p e n d e n t  p r o t e i n  k i n a s e  w h i c h  
p h o s p h o r y I a t e s  t u b u l i n  and m i c r o t u b u l e  a s s o c i a t e d  p r o t e i n s  as 
m a j o r  s u b s t r a t e s .  The h i g h l y  p u r i f i e d  enzyme p r e p a r a t i o n  
c o n t a i n e d  t wo  c a l m o d u l i n  b i n d i n g ,  a u t o p h o s p h o r y I  a t i n g  
s u b u n i t s ,  d e s i g n a t e d  r h o  and s i g m a ,  w i t h  m o l e c u l a r  w e i g h t s  o f  
5 2 , 0 0 0  and 6 3 , 0 0 0  d a l t o n s ,  r e s p e c t i v e l y ,  and s i m i l a r  
i s o e l e c t r i c  p o i n t s  b e t w e e n  6 . 7  and 7 . 2 .  The r h o  and s i gma  
s u b u n i t s  o f  t h e  k i n a s e  d e m o n s t r a t e d  s i g n i f i c a n t  s t r u c t u r a l  
homol ogy  based  on 2 - d i m e n s i o n a l  t r y p t i c  p e p t i d e  m a p p i n g  
s t u d i e s .  The i s o l a t i o n  and c h a r a c t e r i z a t i o n  o f  t h i s  
c a l m o d u l i n  b i n d i n g  enzyme c o m p l e x  p r o v i d e s  a d d i t i o n a l  i n s i g h t  
i n t o  t h e  mechan i sm o f  c a l c i u m  d e p e n d e n t  r e g u l a t i o n  o f  
p h o s p h o r y l a t i o n  in  t h e  b r a i n .
T h i s  enzyme i s  c l e a r l y  d i s t i n g u i s h a b l e  by s e v e r a l  
c r i t e r i a  f r o m  o t h e r  b r a i n  c a l m o d u l i n  d e p e n d e n t  k i n a s e s  w h i c h  
have been r e p o r t e d  p r e v i o u s l y .  K e n n e d y ,  e t  a l .  ( 2 8 )  have  
r e c e n t l y  r e p o r t e d  t h a t  P r o t e i n  I k i n a s e  f a i l s  t o  
p h o s p h o r y I  a t e  t u b u l i n .  In a d d i t i o n ,  t h e  k i n a s e  d e s c r i b e d  
h e r e  p o s s e s s e s  no p h o s p h o r y I  a t i n g  a c t i v i t y  f o r  P r o t e i n  I 
( T a b l e  2 ) .  F u k u n g a ,  e t  a l .  ( 5 )  have  r e c e n t l y  d e t a i l e d  t h e  
p u r i f i c a t i o n  o f  a c a l m o d u l i n  d e p e n d e n t  k i n a s e  w h i c h  
p h o s p h o r y I a t e s  a number  o f  p r o t e i n s  w i t h  my o s i n  l i g h t  c h a i n s  
as i t s  b e s t  s u b s t r a t e .  H o w e v e r ,  t h e i r  s u b s t r a t e  
s p e c i f i c i t i e s  a r e  q u i t e  d i f f e r e n t ;  n o t a b l y  m y e l i n  b a s i c
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p r o + e i n  was a much p o o r e r  s u b s t r a t e  t h a n  m y o s i n  l i g h t  c h a i n s
f o r  t h e  Fukunga  e n z y m e .  F u r t h e r m o r e ,  t h e  Fukunga  enzyme has
a 15 f o l d  h i g h e r  a p p a r e n t  K f o r  ATP t h a n  t h e  k i n a s e  r e p o r t e d
m
h e r e ,  and c o n t a i n s  o n l y  a s i n g l e  4 9 , 0 0 0  d a l t o n  s u b u n i t .
P r e v i o u s l y ,  a l l  o t h e r  b r a i n  c a l m o d u l i n  d e p e n d e n t  p r o t e i n
k i n a s e s  have  been i s o l a t e d  on D E A E - c e I  I u I o s e  a n i o n  e x c h a n g e
c h r o m a t o g r a p h y .  U t i l i z i n g  p h o s p h o c e I  Iu  I ose  c h r o m a t o g r a p h y ,
Ahmad,  e t  a l .  ( 2 7 )  have r e c e n t l y  i s o l a t e d  a g l y c o g e n  s y n t h a s e
k i n a s e  f r o m  l i v e r  w i t h  s u b u n i t s  o f  5 1 , 0 0 0  and 5 3 , 0 0 0  d a l t o n s .
The k i n a s e  r e p o r t e d  h e r e  d e m o n s t r a t e d  v e r y  l i t t l e
p h o s p h o r y l a t i o n  o f  g l y c o g e n  s y n t h a s e ,  and once  a g a i n
s u b s t r a t e  s p e c i f i c i t y  seems t o  d i f f e r  f r o m  t h e  r e p o r t e d
g l y c o g e n  s y n t h a s e  a c t i v i t y .  T h u s ,  we b e l i e v e  t h a t  t h i s
k i n a s e ,  as  i s o l a t e d ,  r e p r e s e n t s  a d i f f e r e n t  c a l m o d u l i n
d e p e n d e n t  k i n a s e  s y s t e m .  S i n c e  i s o e l e c t r i c  f o c u s i n g  and
s u b u n i t  c a l m o d u l i n  b i n d i n g  d a t a  a r e  n o t  a v a i l a b l e  f o r  s e v e r a l  
2 +
o f  t h e  o t h e r  Ca - c a l m o d u l i n  d e p e n d e n t  k i n a s e s ,  i t  i s
p o s s i b l e  t h a t  o u r  enzyme may p o s s e s s  s t r u c t u r a l  h o m o l o g i e s
w i t h  o t h e r  c a l m o d u l i n  d e p e n d e n t  k i n a s e s .
T u b u l i n  p l a y s  a s t r u c t u r a l  and d y n a m i c  r o l e  in  many
a s p e c t s  o f  n e u r o n a l  f u n c t i o n  ( 2 9 ) ,  and i s  f o u n d  in  h i g h
c o n c e n t r a t i o n s  in  n e r v e  t e r m i n a l  p r e p a r a t i o n s  ( 3 0 ) .  MA P- 2 ,
t h e  h e a t - s t a b l e  m i c r o t u b u l e  a s s o c i a t e d  p r o t e i n ,  i s  i n v o l v e d
in t h e  a s s e m b l y  o f  m i c r o t u b u l e s  ( 3 1 ) ,  and i t s  p h o s p h o r y l a t i o n
2 +
may r e g u l a t e  m i c r o t u b u l e  f o r m a t i o n  ( 3 2 ) .  Ca - c a l m o d u l i n  
c l e a r l y  r e g u l a t e  t h e  s t a b i l i t y  o f  m i c r o t u b u l e s  ( 3 3 )  and t h e  
m i c r o t u b u l e  a s s o c i a t e d  t a u  p r o t e i n s  b i n d  c a l m o d u l i n  ( 1 8 ) .  We
80
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2+
have r e p o r t e d  t h a t  Ca - c a l m o d u l i n  d e p e n d e n t  p h o s p h o r y l a t i o n
o f  t u b u l i n  and m i c r o t u b u l e  a s s o c i a t e d  p r o t e i n s  may m e d i a t e
2 +
t h e  e f f e c t s  o f  Ca on t u b u l i n  p o l y m e r i z a t i o n  ( 3 4 ) .  R e c e n t
work in  t h i s  l a b o r a t o r y  i n d i c a t e s  t h a t  t h e  k i n a s e  p u r i f i e d
h e r e  can  be i s o l a t e d  c o m p l e x e d  w i t h  b o t h  a l p h a  and b e t a
t u b u l i n ,  and t h a t  t h e  t a u  m i c r o t u b u l e  a s s o c i a t e d  p r o t e i n  i s
1 2 
ho mol ogous  w i t h  t h e  r h o  s u b u n i t s  o f  t h e  e n z y m e .  In
2 +
a d d i t i o n ,  w h i l e  e n d o g e n o u s  Mg - d e p e n d e n t  k i n a s e
2 +
p h o s p h o r y I a t e s  t u b u l i n  on o n l y  s e r i n e s ,  o u r  Ca - c a l m o d u l i n
d e p e n d e n t  k i n a s e  p h o s p h o r y  I a t e s  b e t a - t u b u l i n  on b o t h
t h r e o n i n e  and s e r i n e  r e s i d u e s  ( F i g .  7 ) .  P r e l i m i n a r y  s t u d i e s
i n d i c a t e  t h a t  p h o s p h o t h r e o n i n e  p h o s p h o r y l a t i o n  o c c u r s  a t  a
2
s i n g l e  s i t e  on b e t a  t u b u l i n ,  f u r t h e r  s u g g e s t i n g  a u n i q u e  
2 +
r o l e  f o r  Ca - c a l m o d u l i n  d e p e n d e n t  p h o s p h o r y l a t i o n  in t h e
r e g u l a t i o n  o f  t u b u l i n  f u n c t i o n .  A l l  t h e s e  d a t a  i n d i c a t e  t h a t  
2 +
t h e  Ca - c a l m o d u l i n  d e p e n d e n t  t u b u l i n  and MAP- 2  k i n a s e
2 +
i s o l a t e d  h e r e  may m e d i a t e  t h e  e f f e c t s  o f  Ca on t u b u l i n ­
m i c r o t u b u l e  d y a n a m i c s .
The e x t e n d e d  r e s o l u t i o n  o f  t h e  p u r i f i e d  k i n a s e  on 20  cm 
1 - d i m e n s i o n a l  SDS-PAGE g e l s  c l e a r l y  s e p a r a t e d  t h e  r h o  and  
sigma s u b u n i t s  i n t o  d o u b l e t s .  A l l  f o u r  o f  t h e s e  s u b u n i t s  
d e m o n s t r a t e d  c a l m o d u l i n  b i n d i n g .  In  o r d e r  t o  i n v e s t i g a t e  
f u r t h e r  t h e  n o v e l  s t r u c t u r e  o f  t h e  f o u r  c a l m o d u l i n - b i n d i n g  
s u b u n i t s ,  a l l  f o u r  o f  t h e  k i n a s e  s u b u n i t s  we r e  p e p t i d e  mapped  
w i t h  2 - d i m e n s I o n a I  t r y p t i c  f i n g e r p r i n t s .  T h e s e  maps 
d e m o n s t r a t e  t h a t  a l l  f o u r  p e p t i d e s  c o n t a i n  s i g n i f i c a n t
homology among t h e i r  m a j o r  f r a g m e n t s .  The s i gma  and s i gma
1 2
s u b u n i t s  y i e l d e d  p r a c t i c a l l y  i d e n t i c a l  p e p t i d e  maps,
8 1
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i n d i c a t i n g  t h a t  s i g m a  r e p r e s e n t s  a m i n o r  m o d i f i c a t i o n  o f
2
s igma , p e r h a p s  an e n d o g e n o u s  p h o s p h o r y I a t e d  s p e c i e s .  The  
1
r ho  and r h o  s u b u n i t s  show ho mol og ous  y e t  d i s t i n c t  p e p t i d e  
1 2
d i g e s t  f i n g e r p r i n t s .  The p a t t e r n s  can n o t  be e x p l a i n e d  by
a r t i f i c a t u a l  p r o t e o l y t i c  d i g e s t i o n  o f  l a r g e r  p r e c u r s o r s  s i n c e
t h e  f i n g e r p r i n t s  a r e  n o t  i n c l u s i v e .  F u r t h e r m o r e ,  p r o t e o l y s i s
i s  u n l i k e l y  s i n c e  t h e  same c a l m o d u l i n  b i n d i n g  p a t t e r n  i s
e v i d e n t  t h r o u g h o u t  t h e  p u r i f i c a t i o n .  S t i l l ,  i t  i s  p o s s i b l e
t h a t  r h o  c o u l d  be a m o d i f i e d  f o r m  o f  r h o  ( e . g .  t h r o u g h  
2 1 
p h o s p h o r y l a t i o n ) .  T h u s ,  t h e  n a t i v e  enzyme s y s t e m  w h i c h
c h r o m a t o g r a p h s  w i t h  an a p p a r e n t  m o l e c u l a r  w e i g h t  o f  6 0 0 , 0 0 0
d a l t o n s ,  a p p e a r s  t o  c o n s i s t  o f  a c o m p l e x  o f  h o mol o gou s
c a l m o d u l i n  b i n d i n g ,  a u t o p h o s p h o r y I  a t i n g  s u b u n i t s .
The h o m o l o g i e s  among t h e  enzyme s u b u n i t s  u n d e r s c o r e  t h e
p r e s e n c e  o f  a s e r i e s  o f  s p e c i f i c  p r o p e r t i e s  o f  t h i s  k i n a s e
s y s t em w h i c h  c o m p r i s e  t h e  " s i g n a t u r e s "  f o r  t h e  k i n a s e :  1)  The
enzyme c o n t a i n s  t w o  c a l m o d u l i n  b i n d i n g  d o u b l e t s ,  r h o  and
s i g m a ,  o f  5 2 , 0 0 0  and 6 3 , 0 0 0  d a l t o n s ,  r e s p e c t i v e l y .  2 )  Bo t h
t h e  r h o  and t h e  s i g m a  s u b u n i t s  d e m o n s t r a t e  i s o e l e c t r i c  p o i n t s
b e t w e e e n  6 , 7  and 7 . 2 .  3 )  Bo t h  t h e  r h o  and s i gma  s u b u n i t s
d e m o n s t r a t e  a u t o p h o s p h o r y l a t i o n .  4 )  The r h o  and s i gma
s u b u n i t s  show s i g n i f i c a n t  h o m o l o g i e s  as a s s e s s e d  by t r y p t i c
d i g e s t  f i n g e r p r i n t s .  5 )  P h o s p h o r y l a t i o n  o f  t h e  enzyme
s u b u n i t s  in t h e  a b s e n c e  o f  s u b s t r a t e  e l i c i t s  t h e  p r o d u c t i o n
of  l o w e r  m o b i l i t y  p h o s p h o r y I a t e d  s p e c i e s .  6 )  The k i n a s e
p h o s p h o r y I a t e s  b e t a - t u b u l i n  on b o t h  t h r e o n i n e  and s e r i n e
r e s i d u e s .  T h e s e  " s i g n a t u r e s "  may now p e r m i t  t h e  s t u d y  o f
82
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s i m i l a r  e n z ymes  a s s o c ! a + e d  w i t h  k i n a s e  s y s t e ms  i n  c y t o s o l ,  
membr ane ,  and t h e  t r a n s y n a p t i c  j u n c t i o n a l  c o m p l e x .
The o b s e r v a t i o n s  p r e s e n t e d  h e r e  i n d i c a t e  t h a t  t h i s
2+
k i n a s e  may m e d i a t e  i m p o r t a n t  i n t e r a c t i o n s  b e t we e n  Ca and  
t u b u l i n  t h r o u g h  p h o s p h o r y l a t i o n  o f  t u b u l i n  and m i c r o t u b u l e  
a s s o c i a t e d  p r o t e i n s .  E l u c i d a t i o n  o f  t h e  e x a c t  r o l e  o f  
c a l m o d u l i n  d e p e n d e n t  p h o s p h o r y l a t i o n  in  r e g u l a t i n g  t u b u l i n  
d y n a m i c s  and t h e  p o s s i b l e  ho mol ogy  o f  a number o f  c a l m o d u l i n  
d e p e n d e n t  k i n a s e  s y s t e m s  a w a i t s  f u r t h e r  i n v e s t i g a t i o n .  
A l t h o u g h  t h e  k i n a s e  p h o s p h o r y I  a t e s  t u b u l i n  and m i c r o t u b u l e  
a s s o c i a t e d  p r o t e i n s ,  t h e  r e s u l t s  in t h i s  p a p e r  do n o t  e x c l u d e  
t h e  p o s s i b i l i t y  t h a t  t h e  enzyme may h a v e  a b r o a d e r  s u b s t r a t e  
r a n g e  in  n e u r o n a l  t i s s u e .  The a b i l i t y  t o  i d e n t i f y  t h i s  
enzyme s y s t e m  by i t s  c h a r a c t e r i s t i c  p r o p e r t i e s  s h o u l d  p r o v i d e  
t h e  b a s i s  f o r  i n v e s t i g a t i n g  t h e  f u n c t i o n a l  s i g n i f i c a n c e  o f  
t h i s  k i n a s e  in  c e l l u l a r  a c t i v i t y .
83
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CHAPTER 3
MULTIPLE PHOSPHORYLATION S I TES  ON A L P HA - T U BUL I N, BETA-TUBULIN
2 + 2+
MAP2 AND THEI R  REGULATION BY CA AND MG DEPENDENT KINASES
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A l p h a  and b e t a  t u b u l i n  and m i c r o t u b u l e  a s s o c i a t e d
p r o t e i n  2 (MAP2)  a r e  a l l  e n d o g e n o u s  p h o s p h o p r o t e i n s  in
n e u r o n a l  c y t o s o l  ( E i p p e r ,  1 9 7 2 ;  V a l l e e ,  1 9 8 0 ) .  B o t h  t u b u l i n
( E i p p e r ,  1 9 7 4 ;  B u r k e  and D e L o r e n z o ,  1 9 8 1 )  and MAP2 ( T h e u r k a u f
and V a l l e e ,  1 9 8 2 ;  1 9 8 3 ;  G o l d e n r i n g ,  e t  a l . ,  1 9 8 3 )  a r e
2 +
s u b s t r a t e s  f o r  c A M P - d e p e n d e n t  and Ca - c a l m o d u l i n - d e p e n d e n t
p h o s p h o r y l a t i o n .  We have r e c e n t l y  p u r i f i e d  a c a l c i u m -
c a l m o d u l i n - d e p e n d e n t  k i n a s e  f r o m  r a t  b r a i n  c y t o s o l  w h i c h
p h o s p h o r y I a t e s  t u b u l i n  and m i c r o t u b u l e - a s s o c i a t e d  p r o t e i n s  as
m a j o r  s u b s t r a t e s  ( G o l d e n r i n g ,  e t  a l . ,  1 9 8 3 ) .  Th e  t u b u l i n -
a s s o c i a t e d  c a l m o d u l i n  d e p e n d e n t  k i n a s e  (TACK)  d i s p l a y s  a
s e v e r a l  c h a r a c t e r i s t i c  p r o p e r t i e s  t h a t  have a i d e d  i t s
i d e n t i f i c a t i o n  in a number  o f  f r a c t i o n s  ( G o l d e n r i n g ,  e t  a l . ,
1 9 8 4 ) .  TACK p h o s p h o r y I a t e s  a l p h a  t u b u l i n  p r e d o m i n a n t l y  on
s e r i n e  r e s i d u e s ,  w h i l e  i t  p h o s p h o r y I a t e s  b e t a  t u b u l i n  on b o t h
2 +
t h r e o n i n e  and s e r i n e  r e s i d u e s .  H o w e v e r ,  Mg - cAMP d e p e n d e n t
p h o s p h o r y l a t i o n  o f  b e t a  t u b u l i n  o c c u r s  p r e d o m i n a n t l y  on
s e r i n e  r e s i d u e s  ( E i p p e r ,  1 9 7 4 ;  G o l d e n r i n g ,  e t  a l . ,  1 9 8 3 ) .
2 +
T h e s e  r e s u l t s  i n d i c a t e d  t h a t  Ca - c a l m o d u l i n - d e p e n d e n t  and  
c A M P - d e p e n d e n t  p r o t e i n  k i n a s e s  m i g h t  p h o s p h o r y I  a t e  d i f f e r e n t  
s i t e s  on t u b u l i n  and MAP2,  and t h e r e b y  e x e r t  d i f f e r e n t  
i n f l u e n c e s  on m i c r o t u b u l e  f u n c t i o n .  D i f f e r e n t i a l  
p h o s p h o r y l a t i o n  s i t e s  on p r o t e i n s  f o r  c A M P - d e p e n d e n t  and  
c a l c i u m - c a l m o d u l i n - d e p e n d e n t  k i n a s e s  has been d e m o n s t r a t e d  f o r  a
| 88
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<•
number o f  n e u r o n a l  p h o s p h o p r o + e i n s , i n c l u d i n g  P r o t e i n  I ( H u + t n e r  
and G r e e n g a r d ,  1 9 7 9 ;  H u t t n e r ,  e t  a l . ,  1 9 8 1 ) ,  m y o s i n  l i g h t  c h a i n s  
( M a t s u m u r a ,  e t  a l . ,  1 9 8 2 )  and MAP2 ( T h e u r k a u f  and V a l l e e ,  1 9 8 3 ) .  
The i n t e r a c t i o n  o f  t h e  t wo  m a j o r  s e c o n d  m e s s e n g e r  p a t h w a y s  
t h r o u g h  p h o s p h o r y l a t i o n  o f  s e p a r a t e  s i t e s  on t h e  same m o l e c u l e s  
may be an i m p o r t a n t  r e g u l a t o r y  scheme in  n e r v e  and o t h e r  c e l l s  
( R a s s m u s s e n ,  1 9 8 1 ) .  We now r e p o r t  t h a t  t h e  c a I c i u m - c a I m o d u I i n  
k i n a s e  TACK e l i c i t s  a d i f f e r e n t  p a t t e r n  o f  p h o s p h o p e p t i d e  and  
p h o s p h o a mi n o  a c i d  p h o s p h o r y l a t i o n  t h a n  c A M P - d e p e n d e n t  p r o t e i n  
k i n a s e  on a l p h a  and b e t a  t u b u l i n  and MAP2.  D i f f e r e n t i a l  
p h o s p h o r y l a t i o n  o f  t u b u l i n  and MAP2 may an i m p o r t a n t  m o d u l a t o r  
of  m i c r o t u b u l e  d y a n m i c s  and i n t e r a c t i o n s .
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MATERIALS AND METHODS
. 32
M a t e r  i a I s . [ 6  -  P ] - A T P  ( 5 - 1 0  C i / m m o l )  was p u r c h a s e d  f r om
New E n g l a n d  N u c l e a r .  T r y p s i n  was p u r c h a s e d  f r o m  C a l b i o c h e m .
C e l l u l o s e  t h i n  l a y e r  p l a t e s  wer e  o b t a i n e d  f r o m  M e r c k .
C a l m o d u l i n  was p u r i f i e d  t h r o u g h  D E A E - c e I  I u I o s e  c h r o m a t o g r a p h y
( L i n ,  e t  a l ,  1 9 7 4 )  and A f f f i g e l - G e l  f l u p h e n a z i n e  ( B i o r a d )
a f f i n i t y  c h r o m a t o g r a p h y  ( M a r s h a k ,  e t  a l . ,  1 9 8 1 ) .  T u b u l i n  was
p u r i f i e d  t h r o u g h  t h r e e  c y c l e s  o f  p o l y m e r i z a t i o n  and
d e p o l y m e r i z a t i o n  by t h e  met hod  o f  S h e l a n s k i ,  e t  a l  ( 1 9 7 3 ) .
2+
The p r e p a r a t i o n  used was d e v o i d  o f  Ca - c a l m o d u l i n - s t i m u l a t e d  
k i n a s e  a c t i v i t y .  Homogeneous t u b u l i n  was p r e p a r e d  t h r o u g h  
p h o s p h o c e I I  u I o s e  c h r o m a t o g r a p h y  by t h e  met hod  o f  W e i n g a r t e n ,  
e t  a l .  ( 1 9 7 5 ) .  Homogeneous MAP2 was p r e p a r e d  by t h e  met hod  
o f  S o b u e ,  e t  a l .  ( 1 9 8 1 ) .  F e ma l e  S p r a g u e  D a w l e y  r a t s  were  
p u r c h a s e d  f r o m  C h a r l e s  R i v e r .
P h o s p h o r y l a t i o n . T h i c e - c y c l e d  m i c r o t u b u l e  p r e p a r a t i o n  d e v o i d
o f  c a l m o d u l i n - d e p e n d e n t  k i n a s e  a c t i v i t y  we r e  p h o s p h o r y I a t e d
f o r  30 min in  t h e  p r e s e n c e  o f  4 mM MgCI  , 20 uM ATP,  100 mM 
o 2
a t  30 C.  P u r i f i e d  t u b u l i n  a s s o c i a t e d  c a l m o d u l i n - d e p e n d e n t
k i n a s e  (TACK)  was p r e p a r e d  as p r e v i o u s l y  d e s c r i b e d  ( G o l d e n r i n g ,
e t  a l . ,  1 9 8 3 ) .  Homogeneous p r e p a r a t i o n s  o f  t u b u l i n  and MAP2
were  p h o s p h o r y I a t e d  by TACK f o r  1 m i n .  i n  t h e  p r e s e n c e  o f  4 mM 
2+ o
MgCI , 50 uM Ca , 20 uM ATP and 1 ug c a l m o d u l i n  a t  37 C.
2
( G o l d e n r i n g ,  e t  a l . ,  1 9 8 3 ) .  A l p h a  and b e t a  t u b u l i n  
p h o s p h o r y l a t i o n  was r e s o l v e d  on t wo  d i m e n s i o n a l  i s o e l e c t r i c  
f o c u s i n g / S D S - P A G E  by a m o d i f i c a t i o n  o f  t h e  met hod  o f  0 ° F a r r e l l  
( 1 9 7 5 )  as p r e v i o u s l y  d e s c r i b e d  ( B u r k e  and D e L o r e n z o ,  1 9 8 1 ) .
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MAP2 was r e s o l v e d  on e i t h e r  t w o - d i m e n s i o n a l  g e l s  o r  8? o n e ­
d i m e n s i o n a l  SDS-PAGE g e l s  ( D e L o r e n z o ,  e t  a l . ,  1 9 7 9 ) .  G e l s  wer e  
s t a i n e d  w i t h  C o o m a s s i e  b l u e ,  d r i e d  u n d e r  vacuum,  and e x p o s e d  t o  
X - r a y  f i l m  ( K o d a k ,  X A R - 5 ) .
P h o s p h o p e p t i d e  M a p p i n g . P h o s p h o p e p t i d e  m a p p i n g  was p e r f o r m e d
by a m o d i f i c a t i o n  o f  t h e  me t ho d  o f  A x e l r o d  ( 1 9 7 8 ) .  C o o m a s s i e
s t a i n e d  bands w e r e  e x i s e d  f r o m  one and t w o - d i m e n s i o n a l  g e l s ,
s w e l l e d  i n  50 mM NaHCO , pH 8 . 0  and i n c u b a t e d  in  s i l i c o n i z e d
3
t u b e s  f o r  16 h o u r s  w i t h  t r y p s i n  ( l O O u g / m l  in  50 mM NaCO ) a t  
o 3
37 C.  A f t e r  t h e  f i r s t  i n c u b a t i o n ,  t h e  g e l  s l i c e s  we r e
i n c u b a t e d  f o r  6 h o u r s  in f r e s h  t r y p s i n  s o l u t i o n .  The p o o l e d
s u p r e n a t e s  w e r e  f r e e z e d  d r i e d  u n d e r  v a c u u m .  P e p t i d e  r e s i d u e s
wer e  r e s u s p e n d e d  in  20 ul  o f  e l e c t r o p h o r e s i s  b u f f e r  ( A c e t i c
a c i d / f o r m i c  a c i d / w a t e r ,  1 5 : 5 : 8 0 )  and 1 0 0 0  t o  1 0 , 0 0 0  cpm were
s p o t t e d  on 20 cm X 20 cm c e l l u l o s e  t h i n  l a y e r  p l a t e s  and t h e
p e p t i d e s  w e r e  r u n  t o w a r d  t h e  c a t h o d e  a t  480V u s i n g  t h e
c o u n t e r e l e c t r o p h o r e s i s  o f  a dye s o l u t i o n  ( 2 ?  O r a n g e  G,  1?
A c i d  F u s c h i n )  as s t a n d a r d ,  as in  t h e  m e t h o d  o f  E l d e r ,  e t  a l .
( 1 9 7 7 ) .  F o l l o w i n g  e l e c t r o p h o r e s i s  t h e  p l a t e s  wer e  d r i e d  and
o
c h r o m a t o g r a p h e d  a t  90  t o  t h e  o r i g i n a l  e l e c t r o p h o r e s i s  
( A x e l r o d ,  1 9 7 8 ) .  The p l a t e s  we r e  c h r o m a t o g r a p h e d  ( p y r i d i n e / 1 -  
b u t a n o I / a c e t i c  a c i d / w a t e r ,  2 5 : 3 7 . 5 : 7 . 5 : 3 0 )  up t o  2 cm f r o m  t h e  
t o p  o f  t h e  p l a t e .  P l a t e s  w e r e  d r i e d  and e x p o s e d  t o  X - r a y  f i l m  
( K o d a k ,  X A R - 5 ) .
P h o s p h o a m j n o a c ?d a n a l y s i s . P h o s p h o a m i n o a c i d  a n a l y s i s  was 
p e r f o r m e d  by a m o d i f i c a t i o n  o f  t h e  t e c h n i q u e  o f  H u n t e r  and  
S e f t o n  ( 1 9 8 0 )  as d e s c r i b e d  p r e v i o u s l y  ( G o l d e n r i n g ,  e t  a l . ,
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1 9 8 3 ) .  U s i n g  a u t o r a d i o g r a p h s  as g u i d e s ,  p h o s p h o p e p t i d e  s p o t s
we r e  s c r a p e d  o f f  t h e  c e l l u l o s e  p l a t e s  and t h e  c e l l u l o s e
po wde r  was p l a c e d  i n  s i l i c o n i z e d  g l a s s  t u b e s .  The c e l l u l o s e
was e x t r a c t e d  o v e r n i g h t  w i t h  a s o l u t i o n  o f  50$  p y r i d i n e .
F o l l o w i n g  c e n t r i f u g a t i o n  a t  1000 X g t o  p e l l e t  t h e  c e l l u l o s e ,
t h e  s u p e r n a t e s  wer e  r emoved  and l y o p h i l i z e d .  The r e s u l t i n g
o
r e s i d u e s  wer e  h y d r o l y z e d  in 6N HCI f o r  2 h r s  a t  110 u n d e r  
va c u u m .  The c e l l u l o s e  h y d r o l y s a t e s  w e r e  r e s o l v e d  by 
e l e c t r o p h o r e s i s  on c e l l u l o s e  t h i n  l a y e r  p l a t e s  a t  pH 3 . 5  
( a c e t i c  a c i d / p y r i d I n e / w a t e r , 5 0 : 5 : 9 4 5 )  f o r  7 h r s  a t  500  V .  
T h i n  l a y e r  p l a t e s  were  d r i e d  and e x p o s e d  t o  X - r a y  f i l m ,  and  
r e l a t i v e  pho s p h o a mi no  a c i d  i n c o r p o r a t i o n  was q u a n t i t a t e d  by 
s c a n n i n g  d e n s i t o m e t r y  o f  a u t o r a d i o g r a p h i c  i ma ge s  ( G o l d e n r i n g ,  
e t  a I . ,  1 9 8 3 ) .
J
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RESULTS
2+
M i c r o t u b u l e  p r e p a r a t i o n s  c o n t a i n  an e n d o g e n o u s  Mg 
2 +
d e p e n d e n t ,  Ca - i n d e p e n d e n t  k i n a s e  a c t i v t y  ( E i p p e r ,  19 7 2 )
wh i c h  r e p r e s e n t s  a b a s a l  l e v e l  o f  k i n a s e  a c t i v i t y  f r o m t h e
c a t a l y t i c  s u b u n i t  o f  c A M P - d e p e n d e n t  p r o t e i n  k i n a s e ,  w h i c h  i s
a s s o c i a t e d  w i t h  MAP2 ( T h e u r k a u f  and V a l l e e ,  1 9 8 2 ;  1 9 8 3 ) .  T h i s  
2 +
Mg - d e p e n d e n t  k i n a s e  a c t i v i t y  p h o s p h o r y I a t e s  p r i m a r i l y  s e r i n e
r e s i d u e s  on b o t h  a l p h a  and b e t a  t u b u l i n  ( E i p p e r ,  19 7 4 ;
G o l d e n r i n g ,  e t  a l . ,  1 9 8 3 ) ,  and g r e a t e r  t h a n  t e n  d i f f e r e n t  s i t e s
on MAP2 ( T h e u r k a u f  and V a l l e e ,  1 9 8 3 ) .  We have  r e c e n t l y  p u r i f i e d  
2 +
a Ca - c a l m o d u l i n - d e p e n d e n t  p r o t e i n  k i n a s e  (TACK)  w h i c h
p h o s p h o r y I a t e s  a l p h a  t u b u l i n  on s e r i n e  r e s i d u e s  and b e t a  t u b u l i n
on b o t h  s e r i n e  and t h r e o n i n e  r e s i d u e s  ( G o l d e n r i n g ,  e t  a l . ,
2 +
1 9 8 3 ) ,  s u g g e s t i n g  t h a t  Mg / c A M P - d e p e n d e n d e n t  and c a l m o d u l i n -  
d e p e n d e n t  k i n a s e s  p h o s p h o r y I  a t e  d i f f e r e n t  a mi n o  a c i d  s i t e s  on 
t u b u l i n .  T h e r e f o r e ,  we s o u g h t  t o  compare  t h e  p h o s p h o p e p t i d e  
p a t t e r n s  and p h o s p h o a m i n o  a c i d  s i t e s  f o r  p h o s p h o r y l a t i o n  o f
2 +
t u b u l i n  and MAP2 by t h e  e n d o g e n o u s  m i c r o t u b u l e - a s s o c i a t e d  Mg 
d e p e n d e n t  k i n a s e  and TACK.
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Alpha t u b u I i  n p h o s p h o r y a t i  o n .
The p h o s p h p e p t i d e  maps f o r  a I p h a - t u b u I i n  p h o s p h o r y I  + ion  
2 +
by e n d o g e n o u s  Mg - d e p e n d e n t  k i n a s e  and c a l m o d u l i n - d e p e n d e n t
TACK d e m o n s t r a t e d  d i s t i n c t  p h o s p h o r y l a t i o n  s i t e s  ( F i g u r e  
2 +
1 ) .  Mg - d e p e n d e n t  m i c r o t u b u l e - a s s o c i a t e d  k i n a s e  a c t i v i t y  
p h o s p h o r y I a t e d  b e t a  t u b u l i n  on 2 m a j o r  (A2 and A 4 ) and 2 
m i n o r  ( A l  and A3)  p e p t i d e  ( F i g u r e  1A) s p e c i e s ,  w h i l e  
c a l m o d u l i n - d e p e n d e n t  TACK p h o s p h o r y I a t e d  t h r e e  m a j o r  ( B l ,  B2 
and B5)  and t wo m i n o r  (B3 and B 4 ) p h o s p h o p e p t 5des  ( F i g u r e
I B ) ,  C o m i g r a t i o n  o f  a n a l y s i s  o f  t h e  p e p t i d e  d i q e s t s  ( F i g u r e
2+
I C)  r e v e a l e d  t h a t  t h e  m a j o r  Mg - d e p e n d e n t  s p e c i e s  A4 was
2 +
u n i q u e  t o  Mg - d e p e n d e n t  p h o s p h o r y l a t i o n  o f  a I p h a - t u b u I i n ,
w h i l e  t h e  m a j o r  B2 and B5 p h o s p h o p e p t i d e s  we r e  u n i q u e  t o
c a l m o d u l i n - d e p e n d e n t  TACK p h o s p h o r y l a t i o n .  The m i n o r  Al  and
2+
A3 p e p t i d e s  we r e  o b s e r v e d  o n l y  i n  t h e  case  o f  Mg - d e p e n d e n t
p h o s p h o r y a t i o n , w h i l e  t h e  B3 and B4 p e p t i d e s  w e r e  p r e s e n t
o n l y  in  a l p h a  t u b u l i n  p h o s p h o r y I  a t e d  by TACK.  The  m a j o r  A2
and B1 p h o s p h o p e p t i d e s  c o m i g r a t e d  on t h e  t w o - d i m e n s i o n a l
e l e c t r o p h o r e s i s  and d e m o n s t r a t e d  p h o s p h o r y l a t i o n  o n l y  on
s e r i n e  r e s i d u e s  ( T a b l e  I ) ,  s u g g e s t i n g  t h a t  t h e y  may r e p r e s e n t
2 +
a common s i t e  f o r  Mg - d e p e n d e n t  and c a l m o d u l i n - d e p e n d e n t
2 + 2 +  
p h o s p h o r y l a t i o n .  A l l  o f  t h e  Mg - d e p e n d e n t  and Ca -
d e p e n d e n t  p h o s p h o r y l a t i o n  o f  a l p h a  t u b u l i n  o c c u r e d  on s e r i n e
r e s i d u e s ,  e x c e p t  on t h e  u n i q u e  p h o s p h o r y l a t i o n  o f  t h e  m i n o r
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F i g u r e  1 . P h o s p h o p e p + i d e  m a p p i n g  o f  a I p h a - t u b u I i n
2+
p h o s p h o r y l a t i o n  by Mg - d e p e n d e n t  and c a l m o d u l i n - d e p e n d e n t
k i n a s e s .  E l e c t r o p h o r e s i s  was t o w a r d  t h e  c a t h o d e  f r o m  l e f t  t o
r i g h t .  C h r o m a t o g r a p h y  was f r o m  t h e  t o p  t o  t h e  b o t t o m .  Numbered
p h o s p h o p e p t i d e s  in A and B we r e  e x c i s e d  f r o m  t h e  p l a t e s  and
p r o c e s s e d  f o r  p h o s p h o p e p t i d e  m a p p i n g  ( T a b l e  I ) .  A.  A l p h a -
2+
t u b u l i n  p h o s p h o y I a t i o n  by Mg - d e p e n d e n t  p r o t e i n  k i n a s e  
a c t i v i t y .  B.  A I p h a - t u b u I  in  p h o s p h o r y l a t i o n  by c a l m o d u l i n -  
d e p e n d e n t  k i n a s e  ( T A C K ) .  C.  C o m i g r a t i o n  o f  t h e  p e p t i d e  d i g e s t s  
in A and B .
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2 +
Mg - d e p e n d e n t  p h o s p h o p e p t i d e  A3 w h i c h  was p h o s p h o r y I a t e d
o n l y  on t h r e o n i n e  ( T a b l e  I ) .
B e t a - t u b  uI  i n p hosp h o r y I  a t  i o n .
2 +
Mg - d e p e n d e n t  and c a l m o d u l i n - d e p e n d e n t  k i n a s e  a c t i v i t i e s
e l i c i t e d  d i f f e r e n t  p a t t e r n s  o f  p h o s p h o r y a I t i o n  on b e t a  t u b u l i n
2+
( F i g u r e  2 ) .  The e n d o g e n o u s  m i c r o t u b u l a r  Mg - d e p e n d e n t  k i n a s e
a c t i v i t y  p h o s p h o r y a I  t e d  a l p h a  t u b u l i n  on t wo  m a j o r  ( A l  and A5)
and t h r e e  m i n o r  ( A 2 ,  A3 and A4)  p h o s p h o p e p t i d e s  ( F i g u r e  2A)  ,
w h i l e  c a l m o d u l i n - d e p e n d e n t  k i n a s e  p h o s p h o r y I a t e d  f o u r  ( B 1 ,  B 2 ,
B3,  B4)  p e p t i d e  s p e c i e s  ( F i g u r e  2 B ) . A l t h o u g h  c o m i g r a t i o n
2 +
a n a l y s i s  ( F i g u r e  2C)  d i d  n o t  d i f f e r e n t i a t e  t h e  m a j o r  Mg
d e p e n d e n t  A1 p h o s p h o p e p t i d e  and t h e  TACK p h o s p h o r y I a t e d  B1
p e p t i d e ,  p h o s p h o a mi n o  a c i d  a n a l y s i s  ( T a b l e  I I )  d e m o n s t r a t e d
t h a t  w h i l e  Al  was p h o s p h o r y I a t e d  on o n l y  s e r i n e  r e s i d u e s ,  B1 was
p h o s p h o r y I a t e d  on o n l y  t h r e o n i n e  r e s i d u e s .  T h u s ,  e i t h e r  t h e  t wo
p e p t i d e  f r a g m e n t s  a r e  a c t u a l l y  d i f f e r e n t  o r  d i f f e r e n t  a mi no  a c i d
r e s i d u e s  a r e  p h o s p h o r y I a t e d  by t h e  t wo  k i n a s e s  on t h e  same
p e p t i d e .  Two o t h e r  p e p t i d e s  (B2 and B3)  wer e  u n i q u e l y
p h o s p h o r y I a t e d  by TACK and showed h a l f  o f  t h e i r  p h o s p h o r y l a t i o n
on s e r i n e  and h a l f  on t h r e o n i n e  r e s i d u e s .  The m i n o r  A2 ,  A3 and
2 +
A4 p e p t i d e s  wer e  a l l  u n i q u e l y  p h o s p h o r y I a t e d  by Mg - d e p e n d e n t
p r o t e i n  k i n a s e .  The m i n o r  A4 p h o s p h o p e p t i d e  c o n t a i n e d  o n l y
t h r e o n i n e  r e s i d u e s ,  and t h e r e f o r e  r e p r e s e n t s  a p r e v i o u s l y
2 +
u n d e t e c t e d  l o c u s  f o r  Mg - d e p e n d e n t  t h r e o n i n e  p h o s p h o r y l a t i o n  o f
b e t a  t u b u l i n .  The m a j o r  A5 and B4 p h o s p h o p e p t i d e s  c o m i g r a t e d  on
t w o - d i m e n s i o n a l  ma p p i n g  and b o t h  w e r e  p h o s p h o r y I a t e d  on o n l y
2 +
s e r i n e  r e s i d u e s .  They  may r e p r e s e n t  a common s i t e  f o r  Mg -
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F i g u r e  2 .  P h o s p h o p e p t f d e  ma p p i n g  o f  b e + a - t u b u l i n
2+
p h o s p h o r y l a t i o n  by Mg - d e p e n d e n t  and c a l m o d u l i n - d e p e n d e n t
(TACK)  p r o t e i n  k i n a s e .  E I e c t r o p h o s r e s i s  was t o w a r d  t h e  c a t h o d e
f r o m l e f t  t o  r i g h t .  C h r o m a t o g r a p h y  was f r o m  t h e  b o t t o m  t o  t h e
t o p .  Numbered s p o t s  were  e x c i s e d  f r o m  t h e  c h r o m a t o g r a p h y  p l a t e s
and p r o c e s s e d  f o r  p h o s p h o a m i n o  a c i d  a n a l y s i s  ( T a b l e  I I ) .  A.
2 +
Mg - d e p e n d e n t  p h o s p h o r y l a t i o n  o f  b e t a  t u b u l i n .  B.  C a l m o d u l i n -  
d e p e n d e n t  p h o s p h o r y l a t i o n  o f  b e t a  t u b u l i n  by TACK.  C.  
C o m i g r a t i o n  o f  t h e  p h o s p h o p e p t i d e  d i g e s t s  in  A and B.
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Mg - d e p e n d e n t  p h o s p h o r y I  a t  i on
P e p t i d e  Number  £  P hosp h o s e r  i ne %_ P h o s p h o t h r e o n i n e






Ca - c a l m o d u l i n - d e p e n d e n t  Phosp h o r y I  a t  i on
P e p t  i de Number  %_ P hosp h o s e r  i ne %_ P h o s p h o t h r e o n i n e




P e p t i d e  number  r e f e r s  t o  nu mber ed  p h o s p h o p e p t i d e s  in F i g u r e  2 
A and B.
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2+
d e p e n d e n t  and Ca - d e p e n d e n t  p h o s p h o r y l a t i o n .
MAP2 P h o s p o r y I  a t  i o n .
MAP2 i s  a h i g h l y  p h o s p h o r y I a t e d  p r o t e i n ,  and i s
p h o s p h o r y  I a t e d  j_n v i vo and j_n v i t r o  on m u l t i p l e  s i t e s  by b o t h  
2 + 2 +
Mg / c A M P - d e p e n d e n t  p h o s p h o r y l a t i o n  and Ca - d e p e n d e n t  p r o t e i n
k i n a s e  a c t i v i t i e s  ( T h e u r k a u f  and V a l l e e ,  1 9 8 3 ;  G o l d e n r i n g ,  e t
a l . ,  1 9 8 3 ) .  MAP2 i s  t h e  b e s t  s u b s t r a t e  f o r  TACK ( G o l d e n r i n g ,  e t
a l . ,  1 9 8 3 ) .  MAP2 i s  i n t i m a t e l y  a s s o c i a t e d  w i t h  c A M P - d e p e n d e n t
2 +
p r o t e i n  k i n a s e  ( T h e u r k a u f  and V a l l e e ,  1 9 8 2 ) ,  and Mg - d e p e n d e n t
p h o s p h o r y l a t i o n  o f  MAP2 i s  a r e f l e c t i o n  o f  p h o s p h o r y l a t i o n  by
2+
c A M P - d e p e n d e n t  p r o t e i n  k i n a s e .  P h o s p h o r y l a t i o n  by Mg
d e p e n d e n t  and c a l m o d u l i n - d e p e n d e n t  p r o t e i n  k i n a s e s  p r o d u c e d
2 +
v a s t l y  d i f f e r e n t  p h o s p h o p e p t i d e  p a t t e r n s  ( F i g u r e  3 ) .  Mq
d e p e n d e n t  p h o s p h o r y l a t i o n  o f  MAP2 p r o d u c e d  8 m a j o r  ( A l ,  A 2 ,  A4 ,
A5,  A 7 - 9 ,  and A l l )  and 3 m i n o r  ( A 3 ,  A 6 ,  A10 )  p h o s p h o p e p t i d e
s p e c i e s  ( F i g u r e  3 a )  w h i l e  TACK p h o s p h o r y I a t e d  5 m a j o r  ( B 4 - B 8 )
and 5 m i n o r  ( B 1 - B 3 ,  B9 ,  B10 )  p e p t i d e  s p e c i e s  ( F i g u r e  3 b ) .
C o m i g r a t i o n  o f  t h e  p e p t i d e  d i g e s t s  p r o d u c e d  a c o m p l i c a t e d
p a t t e r n  w h i c h  i s  d e p i c t e d  in  F i g u r e  3 c .  The  B 5 ,  B7 and B8 m a j o r
p h o s p h o p e p t i d e s  w e r e  u n i q u e l y  p h o s p h o r y I a t e d  by TACK.  B5 and B7
were  p h o s p h o r y I a t e d  on b o t h  s e r i n e  and t h r e o n i n e  r e s i d u e s ,  w h i l e
B8 was p h o s p h o r y I a t e d  on o n l y  t h r e o n i n e  r e s i d u e s .  W h i l e ,  t h e
2 +
T A C K - p h o s p h o r y I a t e d  B6 p e p t i d e  c o m i g r a t e d  w i t h  t h e  A8 Mg 
d e p e n d e n t  p h o s p h o p e p t i d e ,  B6 was p h o s p h o r y I  a t e d  e q u a l l y  on 
s e r i n e  and t h r e o n i n e  r e s i d u e s ,  w h e r e a s  A8 was p h o s p h o r y I a t e d  on 
o n l y  s e r i n e  r e s i d u e s .  T h u s ,  B6 and A8 may a c t u a l l y  r e p r e s e n t  
d i f f e r e n t  p h o s p h o p e p t i d e s  o r  d i f f e r e n t i a l  p h o s p h o r y l a t i o n  o f
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F i q u r e  3» P h o s p h o p e p t i d e  m a p p i n g  o f  MAP2 p h o s p h o r y I  a i o n  by 
2 +
Mg - d e p e n d e n t  and c a l m o d u l i n - d e p e n d e n t  (TACK)  k i n a s e s .
E l e c t r o p h o r e s i s  was t o w a r d  t h e  c a t h o d e  f r o m  l e f t  t o  r i g h t .
C h r o m a t o g r a p h y  was f r o m  t h e  b o t t o m  t o  t h e  t o p .  Numbered p e p t i d e
s p o t s  we r e  e x c i s e d  f r o m  c h r o m a t o g r a p h y  p l a t e s  and p r o c e s s e d  f o r
2 +
ph os p h o a mi n o  a c i d  a n a l y s i s  ( T a b l e  I I I ) .  A.  Mg - d e p e n d e n t  
p h o s p h o r y l a t i o n  o f  MAP2.  B.  C a l m o d u l i n - d e p e n d e n t
p h o s p h o r y l a t i o n  o f  MAP2 by TACK.  C.  I l l u s t r a t i o n  o f  t h e  m a j o r
s p o t s  on c o m i g a r t i o n  o f  p h o s p h o p e p t i d e  d i g e s t s  f r o m  A and B.  
S o l i d  s p o t s  i n d i c a t e  p h o s p h o r y l a t i o n  by b o t h  k i n a s e s .  S o l i d -
b o r d e r e d  s p o t s  i n d i c a t e  p h o s p h o p e p t i d e s  u n i q u e  t o  Mg - d e p e n d e n t  
p h o s p h o r y l a t i o n .  D o t t e d - b o r d e r e d  s p o t s  i n d i c a t e  p h o s p h o p e p t i d e s  
u n i q u e  t o  T A C K / c a I m o d u I i n - d e p e n d e n t  p h o s p h o r y l a t i o n .
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1 04




- d e p e n d e n t  P h o s p h o r y l a t i o n
P e p t i d e  Number % P h o s p h o s e r  i ne % P h o s p h o t h r e o n i n e









A 1 0 100 0
A l l 100 0
- c a 1modu1 i n- d e p e n d e n t  P h o s p h o r y l a t i o n
P e p t i d e  Number % P hosp h o s e r  i ne % P h o s p h o t h r e o n i n e










i de  numbers r e f e r t o numbered  p h o s p h o p e p t i d e s  in F i g u r e  3
A and B.
1 05
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2+
t he  same pep + i de  by t h e  Mg - d e p e n d e n t  and c a l m o d u l i n -
d e p e n d e n t  k i n a s e s .  The T A C K - p h o s p h o r y I a t e d  B4 p e p t i d e
2+
c o m i g r a t e d  w i t h  t h e  Mg - d e p e n d e n t  A9 p h o s p h o p e p t i d e  and b o t h
were  p h o s p h o r y I a t e d  on s e r i n e  r e s i d u e s .  T h u s ,  B4 / A9
may r e p r e s e n t  a common s i t e  f o r  p h o s p h o r y l a t i o n  o f  MAP2 by b o t h
k i n a s e  s y s t e m s .
2 +
The Mg - d e p e n d e n t  k i n a s e  a c t i v i t y  p h o s p h o r y I a t e d  MAP2
on s i x  m a j o r  u n i q u e  p e p t i d e  s p e c i e s  ( A 1 ,  A 2 ,  A 4 ,  A5 ,  A7 and
2+
A l l ) .  A l l  o f  t h e  Mg - d e p e n d e n t  p h o s p h o r y l a t i o n  d e t e c t e d
o c c u r e d  on s e r i n e  r e s i d u e s ,  w h i l e  as was t h e  c a s e  w i t h
b e t a - t u b u l i n  p h o s p h o r y l a t i o n ,  a s i g n i f i c a n t  a moun t  o f
c a l m o d u l i n - d e p e n d e n t  p h o s p h o r y l a t i o n  o c c u r e d  on t h r e o n i n e
r e s i d u e s  as w e l l  as s e r i n e  ( T a b l e  I I I ) .  T h u s ,  in c o m p a r i s o n  
2 +
w i t h  Mg - d e p e n d e n t  k i n a s e  a c t i v i t y ,  c a l m o d u l i n - d e p e n d e n t  
p h o s p h o r y l a t i o n  o f  MAP2 o c c u r e d  b o t h  a t  d i f f e r e n t  p e p t i d e s  and  
a l s o  w i t h  a g r e a t e r  p r e f e r e n c e  t o w a r d  t h r e o n i n e  r e s i d u e s .
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
106
DI SCUSSI ON
The r e s u l t s  p r e s e n t e d  here  i n d i c a t e  t h a t  a I p h a - t u b u I i n ,
b e t a - t u b u l i n  and  MAP2 a r e  p h o s p h o r y I a t e d  on d i f f e r e n t  s i t e s  by 
2 +  2 +
Mg - d e p e n d e n t  and  Ca - c a l m o d u l i n - d e p e n d e n t  k i n a s e s .  T h e s e
d i f f e r e n c e s  w e r e  o b s e r v e d  as d i s t i n c t  t r y p t i c  p h o s p h o p e p t i d e s  as
w e l l  as d i f f e r e n c e s  in s p e c i f i c  s i t e  p h o s p h o a m i n o  a c i d
p h o s p h o r y l a t i o n .  In a d d i t i o n  t o  t h e  u n i q u e  p e p t i d e s
p h o s p h o r y I a t e d  by TACK on a l l  t h r e e  p r o t e i n s ,  t h e  c a l m o d u l i n -
d e p e n d e n t  k i n a s e  d e m o n s t r a t e d  a g r e a t e r  p r o p e n s i t y  f o r  t h r e o n i n e
2 +
p h o s p h o r y a t i o n  on b e t a - t u b u l i n  and  MAP2 t h a n  t h e  Mg - d e p e n d e n t
m i c r o t u b u l e - a s s o c i a t e d  k i n a s e .  The d a t a  s u g g e s t  t h a t
d i f f e r e n t i a l  p h o s p h o r y l a t i o n  o f  t u b u l i n  and MAP2 by t h e s e  t wo
d i f f e r e n t  k i n a s e  a c t i v i t i e s  may r e g u l a t e  t u b u l i n  d y n a m i c s .
2 + 2+
The i n t e r a c t i o n  o f  Mg / c A M P - d e p e n d e n t  and Ca
c a l m o d u l i n - d e p e n d e n t  k i n a s e  s y s t e m s  may p l a y  an i m p o r t a n t
r o l e  in  m a i n t a i n i n g  c e l l u l a r  d y n a m i c s  ( R a s m u s s e n ,  1 9 8 1 ) .  A
number o f  s t r u c t u r a l  p r o t e i n s  have  been s t u d i e d  as s u b s t r a t e s
2+
f o r  b o t h  c A M P - d e p e n d e n t  and Ca - c a l m o d u l i n - d e p e n d e n t  k i n a s e
a c t i v i t y  ( H u t t n e r  and G r e e n g a r d ,  1 9 7 9 ;  H u t t n e r ,  e t  a l . ,  1 9 8 1 ;
M a t s u m u r a ,  e t  a l . ,  1 9 8 2 ;  T h e u r k a u f  and V a l l e e ,  1 9 8 3 ) .  The  l a r g e  
2 +
number o f  Mg - d e p e n d e n t  and c a l m o d u l i n - d e p e n d e n t  
p h o s p h o r y l a t i o n  s i t e s  on MAP2 i s  c o n s i s t e n t  w i t h  p r e v i o u s  
s t u d i e s  o f  e n d o g e n o u s  and c A M P - d e p e n d e n t  MAP2 p h o s p h o r y l a t i o n  
( T h e u r k a u f  and V a l l e e ,  1 9 8 2 ;  1 9 8 3 ) .  The p h o s p h o r y l a t i o n  o f  MAP2 
by b o t h  c A M P - d e p e n d e n t  ( J a m e s o n ,  e t  a l ,  1 9 8 0 )  and c a l m o d u l i n -  
d e p e n d e n t  ( Ya m a m o t o ,  e t  a l .  1 9 8 3 ;  Yamauch i  and F u j i s a w a ,  1 9 8 3 )  
k i n a s e  a c t i v i t y  i n h i b i t s  m i c r o t u b u l e  p o l y m e r i z a t i o n .  In l i g h t
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2 +
o f  t h e  e s t a b l i s h e d  d e s t a b i l i z i n g  e f f e c t  o f  Ca - c a I  m o d u I i n o n  
m i c r o t u b u l e s  ( M a r c u m,  e t  a l . ,  1 9 7 8 ) ,  p h o s p h o r y l a t i o n  o f  t u b u l i n  
and MAP2 on s p e c i f i c  s i t e s  m i g h t  i n d u c e  c o n f o r m a t i o n a l  c h a n g e s  
l e a d i n g  t o  d e p o l y m e r i z a t i o n  o f  m i c r o t u b u l e s .  The  
p h o s p h o r y l a t i o n  o f  t u b u l i n  and MAP2 by b o t h  cAMP and c a l m o d u l i n  
d e p e n d e n t  k i n a s e s  as  d e t a i l e d  h e r e  may r e g u l a t e  m i c r o t u b u l e  
p o l y m e r i z a t i o n  and d e p o l y m e r i z a t i o n  as w e l l  as o t h e r  m i c r o t u b u l e  
f u n c t i o n s  such as a x o n a l  t r a n s p o r t  t h r o u g h  a c o n f o r m a t i o n a l  
c hange  in t h e  p r o t e i n s .  A c o m p l e t e  u n d e r s t a n d i n g  of  t h e  
p h o s p h o r y l a t i o n  s i t e s  c o n t r o l l e d  by s p e c i f i c  second m e s s e n g e r  
s y s t em s  w i l l  a l l o w  t o  d i s s e c t  some o f  t h e  i m p o r t a n t  in  v i v o  
p h o s p h o r y l a t i o n  c h a n g e s  t h a t  o c c u r  d u r i n g  p e r t u r b a t i o n  o f  t h e  
n e u r o n a l  r e s t i n g  s t a t e  d u r i n g ,  f o r  e x a m p l e ,  d e p o l a r i z a t i o n .
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CHAPTER 4
TUBULIN ASSOCIATED CALMODULIN DEPENDENT KI NASE:
EVIDENCE FOR AN ENDOGENOUS COMPLEX OF TUBULIN  
2 +
WITH A CA -CALMODULIN DEPENDENT KINASE
1 12
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T u b u l i n ,  a m a j o r  s t r u c t u r a l  p r o t e i n ,  i s  i n v o l v e d  in  many
d i v e r s e  d y n a m i c  c e l l u l a r  p r o c e s s e s  i n c l u d i n g  i n t r a c e l l u l a r
t r a n s p o r t  ( W o o t e n ,  e t  a l . ,  1 9 7 5 ) ,  m i t o s i s  ( B r i n k l e y  and
C a r t w r i g h t ,  1 9 7 5 ) ,  and s e c r e t i o n  ( M a l a i s s e ,  e t  a l . ,  1 9 7 5 ) .
2 +
Ca has been shown t o  p l a y  a m a j o r  r o l e  in  t h e  f u n c t i o n a l
use o f  t u b u l i n  ( D e L o r e n z o ,  1 9 8 0 ) .  In t h e  p r e s e n c e  o f  h i q h  
2 +
l e v e l s  o f  Ca , p o l y m e r i z e d  m i c r o t u b u l e s  d i s a s s e m b l e
2 +
( W e i s s e n b e r g ,  1 9 7 2 ) .  The c o n c e n t r a t i o n  o f  Ca n e c e s s a r y
f o r  m i c r o t u b u l e  d i s s o c i a t i o n  i s  m a r k e d l y  d e c r e a s e d  i n  t h e
2 +
p r e s e n c e  o f  t h e  Ca - b i n d i n g  p r o t e i n  c a l m o d u l i n  ( Ma r c u m,  e t
2 +
a l . ,  1 9 7 8 ) .  G i v e n  t h e  s i g n i f i c a n c e  o f  Ca i n  c e l l u l a r
f u n c t i o n ,  i t  i s  i m p o r t a n t  t o  e l u c i d a t e  t h e  b i o c h e m i c a l  
2 +
e f f e c t s  o f  Ca on t u b u l i n .  H o w e v e r ,  l i t t l e  i s  known a b o u t  
t h e  m o l e c u l a r  mechan i sms  o f  c a l c i u m  a c t i o n  on t u b u l i n  
s y s t e m s .
I n v e s t i g a t i o n s  i n  t h i s  l a b o r a t o r y  have  d e m o n s t r a t e d  t h a t
2 +
Ca - c a l m o d u l i n  a c t i v a t e s  an e n d o g e n o u s  t u b u l i n  k i n a s e  s y s t e m  
in b r a i n  c y t o s o l  ( B u r k e  and D e L o r e n z o ,  1 9 8 2 a ) ,  p r e s y n a p t i c  
n e r v e  t e r m i n a l  f r a c t i o n s  ( B u r k e  and D e L o r e n z o ,  1 9 8 1 ) ,  
s y n a p t o p l a s m  ( B u r k e  and D e L o r e n z o ,  1 9 8 1 ) ,  and s y n a p t i c
2 +
v e s i c l e  p r e p a r a t i o n s  ( B u r k e  and D e L o r e n z o ,  1 9 8 2 b ) .  Ca 
c a l m o d u l i n  k i n a s e  a c t i v i t y  was p u r i f i e d  and c h a r a c t e r i z e d  
f rom r a t  b r a i n  c y t o s o l  and shown t o  p h o s p h o r y I  a t e  t u b u l i n  and  
m i c r o t u b u l e  a s s o c i a t e d  p r o t e i n s  (MAPs)  as m a j o r  s u b s t r a t e s  
( G o l d e n r i n g ,  e t  a l . ,  1 9 8 2 ;  1 9 8 3 a ) .  I t  was s u g g e s t e d  f r o m
1 13
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t h e s e  r e s u l t s  t h a t  c a l m o d u l i n - r e g u l a t e d  p h o s p h o r y l a t i o n  o f  
t u b u l i n  a n d  MAPs m i g h t  be a b i o c h e m i c a l  mechan i sm f o r  
m e d i a t i n g  some o f  t h e  a c t i o n s  o f  c a l c i u m  on t h e  c y t o s k e l e t o n  
( G o l d e n r i n g ,  e t  a l . ,  1 9 8 3 a ) .
A l t h o u g h  c a l m o d u l i n - d e p e n d e n t  k i n a s e s  have been  
c h a r a c t e r i z e d  and shown t o  p h o s p h o r y I  a t e  a w i d e  r a n g e  of  
p r o t e i n  s u s t r a t e s ,  i n c l u d i n g  m y o s i n  l i g h t  c h a i n s  ( F u k u n a g a ,  
e t  a l . ,  1 9 8 2 ) ,  P r o t e i n  I ( K e n n e d y ,  e t  a l . ,  1 9 8 3 ;  B e n n e t t ,  e t  
a l . ;  1 9 8 3 ) ,  g l y c o g e n  s y n t h a s e  ( Ahmad,  e t  a l . ,  1 9 8 2 ) ,  and  
t u b u l i n  and m i c r o t u b u l e - a s s o c i a t e d  p r o t e i n s  ( G o l d e n r i n g ,  e t  
a l . ,  1 9 8 3 a ;  Yamauch i  and F u j i s a w a ,  1 9 8 3 )  as m a j o r  s u b s t r a t e s ,  
no s p e c i f i c  a s s o c i a t i o n  o f  any o f  t h e s e  k i n a s e s  w i t h  a 
p a r t i c u l a r  s u b s t r a t e  in b r a i n  has been d e m o n s t r a t e d .
P r e v i o u s  s t u d i e s  on e n d o g e n o u s  c a l c i u m - c a l m o d u l i n - d e p e n d e n t  
t u b u l i n  k i n a s e  a c t i v i t y  in  p r e s y n a p t i c  n e r v e  t e r m i n a l  
c y t o p l a s m  f r a c t i o n s  ( B u r k e  and D e L o r e n z o ,  1 9 8 2 a )  p r o v i d e d  
k i n e t i c  e v i d e n c e  t h a t  t h e  k i n a s e  and e n d o g e n o u s  t u b u l i n  
s u s t r a t e  w e r e  i n t e r a c t i n g  in  t h e  f o r m  o f  an e n z y m e - s u b s t r a t e  
c o mpl ex  i n  s y n a p t o p I  asm. S i n c e  t h e  p u r i f i e d  t u b u l i n  and MAP-  
2 c a l m o d u l i n - d e p e n d e n t  k i n a s e  d e m o n s t r a t e s  a s e t  o f  
c h a r a c t e r i s t i c s  t h a t  r e a d i l y  i d e n t i f y  i t s  p r e s e n c e  in 
n e u r o n a l  f r a c t i o n s  ( G o l d e n r i n g ,  e t  a l . ,  1 9 8 3 a ) ,  i t  was 
p o s s i b l e  t o  d e t e r m i n e  i f  t h i s  k i n a s e  s y s t e m i s  d i r e c t l y  
a s s o c i a t e d  w i t h  t u b u l i n  as  an e n z y m e - s u b s t r a t e  c o m p l e x  in  
bra  i n c y t o s o I .
We now r e p o r t  t h a t  a s i g n i f i c a n t  f r a c t i o n  o f  c y t o s o l i c
2 +
Ca - c a l m o d u l i n  k i n a s e  a c t i v i t y ,  w h i c h  w i l l  be r e f e r r e d  t o  as
1 1 4
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T u b u l i n  A s s o c i a t e d  C a l m o d u l i n  K i n a s e  ( T A C K ) ,  can be i s o l a t e d  
t i g h t l y  c o m p l e x e d  w i t h  a l p h a  and b e t a  t u b u l i n .  T h i s  co mpl e x  
o f  t u b u l i n  an d  t h e  a s s o c i a t e d  k i n a s e  p h o s p h o r y I a t e s  t u b u l i n  
in a c a l m o d u l i n  d e p e n d e n t  manner  and f u n c t i o n s  s i m i l a r l y  t o  
t h e  i s o l a t e d  k i n a s e  r e c o n s t i t u t e d  w i t h  p u r i f i e d  t u b u l i n .
Under  p h y s i o l o g i c a l  c o n d i t i o n s ,  t u b u l i n  and t h e  k i n a s e  r e m a i n  
t i g h t l y  a s s o c i a t e d  t h r o u g h  v a r i o u s  i s o l a t i o n  p r o c e d u r e s .  The  
r e s u l t s  i n d i c a t e  t h a t  a m a j o r  p o r t i o n  o f  TACK in r a t  b r a i n  
c y t o s o l  i s  t i g h t l y  a s s o c i a t e d  w i t h  i t s  s u b s t r a t e  t u b u l i n ,  
f u n c t i o n i n g  as an e n d o g e n o u s  e n z y m e - s u b s t r a t e  c o m p l e x .
MATERIALS AND METHODS
32
M a t e r  i a I s . C -  P j - A T P  ( 5 - 1 0  C i / m m o l )  was p u r c h a s e d  f r o m New
En g l a n d  N u c l e a r .  C a l m o d u l i n  was p u r i f i e d  f r o m  b o v i n e  b r a i n
by c h r o m a t o g r a p h y  on D E A E - c e I  I u I o s e  ( L i n ,  e t  a l . ,  1 9 7 4 )  and
A f f i g e l - f I u p h e n a z i n e  ( B i o r a d )  a f f i n i t y  r e s i n  ( M a r s h a k ,  e t  
125
a l . ,  1 9 8 1 ) .  C I 3 ~ c a I m o d u I i n  ( 5 0 0 - 1 0 0 0  C i / m m o l )  p r o d u c e d  by 
Bo I t o n - H u n t e r  l a b e l l i n g  o f  f I u p h e n a z i n e - p u r i f i e d  c a l m o d u l i n  
was a g i f t  o f  D r .  F .  G o r e l i c k  ( D e p t ,  o f  I n t e r n a l  M e d i c i n e ,  
Y a l e  M e d i c a l  S c h o o l ) .  A m p h o l y t e s  w e r e  p u r c h a s e d  f r o m  B i o r a d .  
Female  S p r a g u e - D a w I e y  r a t s  we r e  p u r c h a s e d  f r o m  C h a r l e s  R i v e r .  
M o l e c u l a r  w e i g h t  s t a n d a r d s  f o r  c h r o m a t o g r a p h y  and ge l  
e l e c t r o p h o r e s i s  w e r e  p u r c h a s e d  f r o m  P h a r m a c i a .
P r e p a r a t  i on o f  E n z y m e - s u b s t r a t e  Comp I e x .
I on Ex c h a n g e  C h r o m a t o g r a p h y . R a t  f o r e b r a i n  was removed  
r a p i d l y  and  h o m o g e n i z e d  ( l e s s  t h a n  20 s e c )  in i c e  c o l d  30 mM 
P i p e s ,  pH 6 . 9 ,  1 mM EDTA,  1mM EGTA,  1mM 2 - m e r c a p t o e t h a n o l ,
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0 . 3  mM PMSF ( 5  m l / b r a i n ) .  The homogena+e  was c e n t r i f u g e d  a t
1 0 0 , 0 0 0  X g f o r  50 m i n .  The r e s u l t i n g  s u p e r n a t e  ( h e r e
r e f e r r e d  t o  as  " b r a i n  c y t o s o l " )  was made 5 mM MgCI and
2
c h r o m a t o g r a p h e d  on DEAE c e l l u l o s e  ( D E - 5 2 ,  W h a t m a n ) .  A 2 ml
bed vo l ume was e q u i l i b r a t e d  in  30 mM P i p e s ,  pH 6 . 9 ,  2mM
MgCI , 1 mM 2 - m e r c a p t o e t h a n o I , 0 . 3  mM PMSF ( B u f f e r  A ) .  The  
2
c y t o s o l  was l o a d e d  and e l u t e d  d i s c o n t i n u o u s I y  w i t h  160 mM 
NaCI  and 500  mM NaCI  in B u f f e r  A.
Ge I F i I t r a t  i on C h r o m a t o g r a p h y . The 5 0 0  mM NaCI  f r a c t i o n  f r om
DEAE c h r o m a t o g r a p h y  c o n t a i n i n g  t u b u l i n  and t u b u l i n  k i n a s e
a c t i v i t y  was c h r o m a t o g r a p h e d  on S e p h a c r y l  S - 3 0 0  r e s i n
( P h a r m a c i a ;  1 . 6  X 80 c m ) .  F o l l o w i n g  s a m p l e  a p p l i c a t i o n  t h e
column was e l u t e d  w i t h  10 mM P i p e s ,  pH 6 . 9 ,  0 . 1  mM MgCI  , 1
2
mM 2 - m e r c a p t o e t h a n o I , 0 . 3  mM PMSF.  The  p r o t e i n  peak  w h i c h
e l u t e d  in  t h e  v o i d  v o l ume  o f  t h e  S e p h a c r y l  c o l umn c o n t a i n i n g
a l l  o f  t h e  t u b u l i n  k i n a s e  a c t i v i t y  ( F i g u r e  2 )  was f u r t h e r
c h r o m a t o g r a p h e d  on F r a c t o g e l  TSK HW-65F r e s i n  ( M e r c k ;  1 . 6  X
80 c m ) .  F o l l o w i n g  a p p l i c a t i o n  o f  t h e  p o o l e d  s a m p l e ,  t h e
column was e l u t e d  w i t h  10 mM P i p e s ,  pH 6 . 9 ,  0 . 1  mM MgCI  , 150
2
mM N a C I ,  1 mM 2 - m e r c a p t o e t h a n o I , 0 . 3  mM PMSF.  A l l  s a m p l e s
o
r e t a i n e d  a c t i v i t y  upon s t o r a g e  a t  - 2 0  C in 0 . 3  M s u c r o s e .  
C a l m o d u l i n  A f f i n i t y  C h r o m a t o g r a p h y . C a l m o d u l i n  a f f i n i t y  
c h r o m a t o g r a p h y  was p e r f o r m e d  as p r e v i o u s l y  d e s c r i b e d  
( G o l d e n r i n g ,  e t  a l . ,  1 9 8 3 a ) .  Sampl e  was made 160 mM N a C I ,  1
mM CaCI  and l o a d e d  on c a l m o d u l i n  a f f i n i t y  r e s i n  ( 1 . 0  X 8 . 0
2
cm) .  S p e c i f i c a l l y  bound a c t i v i t y  was e l u t e d  w i t h  50 mM T r i s  
HC I ,  pH 7 . 1 ,  160 mM N a C I ,  2 mM EGTA, 0 . 3  mM PMSF.
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Assay o f  P h o s p h o r y l a t i o n . P h o s p h o r y l a t i o n  was a s s a y e d  u n d e r  
s t a n d a r d  c o n d i t i o n s  as p r e v i o u s l y  d e s c r i b e d  ( B u r k e  and
2 +
D e L o r e n z o ,  1 9 8 2 a ) .  The s t a n d a r d  c o n c e n t r a t i o n  o f  f r e e  Ca
was 5 - 5 0  uM ( P o r t z e h I , e t  a l . f 1 9 6 4 )  and t h e  f i n a l  r e a c t i o n
volume was 100 u l .  R e a c t i o n  m i x t u r e s  w e r e  i n c u b a t e d  f o r  1 
o
m i n u t e  a t  37 C and t e r m i n a t e d  w i t h  e i t h e r  50 ul  o f  SDS s t o p
f o r  o n e - d i m e n s i o n a l  g e l  e l e c t r o p h o r e s i s  o r  100 ul  o f  u r e a
s t o p  s o l u t i o n  f o r  t wo d i m e n s i o n a l  g e l s ,  as p r e v i o u s l y
d e s c r i b e d  ( B u r k e  and D e L o r e n z o ,  1 9 8 1 ) .  P h o s p h o r y I a t e d
p r o t e i n s  w e r e  r e s o l v e d  i n  o n e - d i m e n s i o n a l  8 . 5 ?  SDS-PAGE g e l s
and t w o - d i m e n s i o n a l  i s o e l e c t r i c  f o c u s i n g / S D S - P A G E  g e l s  ( B u r k e
and D e L o r e n z o ,  1 9 8 1 ) .  G e l s  we r e  s t a i n e d  w i t h  C o o m a s s i e  b l u e ,
d r i e d  u n d e r  v a c u u m,  and e x p o s e d  t o  Kodak XAR- 5  f i l m .
P h o s p h o r y l a t i o n  was q u a n t i t a t e d  e i t h e r  by e x c i s i o n  o f
s p e c i f i c  p r o t e i n  bands  f r o m  t h e  d r i e d  g e l s  and s c i n t i l l a t i o n
c o u n t i n g  ( B u r k e  and D e L o r e n z o ,  1 9 8 1 )  o r  d e n s i t o m e t r i c
s c a n n i n g  o f  a u t o r a d i o g r a p h i c  i mages  ( D e L o r e n z o ,  e t  a l . ,
1 9 7 7 ) .  P r o t e i n  c o n c e n t r a t i o n s  we r e  d e t e r m i n e d  u s i n g  t h e
method o f  B r a d f o r d  ( B r a d f o r d ,  1 9 7 6 )  w i t h  b o v i n e  serum a l b u m i n
as a s t a n d a r d .  S i l v e r  s t a i n i n g  o f  SDS-PAGE g e l s  was
p e r f o r m e d  by t h e  me t hod  o f  M e r r i l ,  e t  a l .  ( 1 9 8 1 ) .
Phosphoam?n o a c i d  A n a l y s i s . P h o s p h o a m i n o  a c i d  a n a l y s i s  was
p e r f o r m e d  by a m o d i f i c a t i o n  o f  t h e  t e c h n i q u e  o f  H u n t e r  and
S e f t o n  ( 1 9 8 0 ) .  E x t r a c t s  o f  p h o s p h o r y I a t e d  p r o t e i n s  r e s o l v e d
on t w o - d i m e n s i o n a l  g e l s  w e r e  h y d r o l y z e d  in  6N HCI f o r  2 h r s  
o
a t  110 C u n d e r  vacuum.  The  h y d r o l y s a t e s  wer e  r e s o l v e d  by 
e l e c t r o p h o r e s i s  on c e l l u l o s e  t h i n  l a y e r  p l a t e s  a t  pH 3 . 0  f o r
1 17
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7 h r s  a t  500  V.  T h i s  t e c h n i q u e  a l l o w s  r e s o l u t i o n  o f  
p h o s p h o s e r i n e , p h o s p h o t h r e o n i n e ,  and p h o s p h o t y r o s i n e  i n  one  
d i m e n s i o n .  T h i n  l a y e r  p l a t e s  we r e  e x p o s e d  t o  a u t o r a d i o g r a p h y  
on XAR-5 f i l m .
125
C a l m o d u l i n  B i n d i n g  in  D e n a t u r i n g  G e l s . [  I ] - c a I m o d u I i n
b i n d i n g  t o  p o l y p e p t i d e s  r e s o l v e d  in SDS-PAGE g e l s  was
a c c o m p l i s h e d  a c c o r d i n g  t o  t h e  met hod  o f  C a r l i n ,  e t  a l  ( 1 9 8 1 ) .
B r i e f l y ,  SDS-PAGE g e l s  wer e  f i x e d  in 25? i s o p r o p a n o l ,  10?
a c e t i c  a c i d  f o r  12 h r s ,  f o l l o w e d  by r e n a t u r a t i o n  f o r  12 h r s
in 200  mM N a C I ,  2 mM CaCI  , 50 mM T r i s  H C I , pH 7 . 6  ( B u f f e r  B)
2
or  in  B u f f e r  B c o n t a i n i n g  2 mM EGTA i n s t e a d  o f  CaCI  . G e l s
2
were  t h e n  washed f o r  2 h r s  w i t h  B u f f e r  B c o n t a i n i n g  1 mg/ml
b o v i n e  serum a l b u m i n  ( F r a c t i o n  V,  S i g m a ) .  The g e l s  we r e
6 125
o v e r l a y e d  w i t h  5 X 10 cpm o f  C I 3 ~ c a I m o d u I i n  i n  50 ml o f
B u f f e r  B f o r  12 h r s .  F i n a l l y ,  t h e  g e l s  w e r e  washed f o r  36
hrs  in m u l t i p l e  c h a n g e s  o f  B u f f e r  B,  s t a i n e d  w i t h  Commassi e
b l u e ,  d r i e d  u n d e r  vacuum and e x p o s e d  t o  x - r a y  f i l m  ( K od a k
X A R - 5 ) .  For  t w o - d i m e n s i o n a l  g e l s  t h e  b o t t o m  2 cm o f  t h e  g e l
were removed i m m e d i a t e l y  f o l l o w i n g  e l e c t r o p h o r e s i s  t o
e l i m i n a t e  c a l m o d u l i n  b i n d i n g  t o  a m p h o l y t e s .
125
Mapp j nq o f  [  I ] - c o n t a  ? n i nq T r y p t i c  P e p t  i de s . P e p t i d e
125
mapping t h r o u g h  t w o - d i m e n s i o n a l  r e s o l u t i o n  o f  [  I D —I a b e I l ed  
t r y p t i c  p e p t i d e  d i g e s t s  was a c c o m p l i s h e d  by t h e  met hod  o f  
E l d e r ,  e t  a l .  ( 1 9 7 7 ) .  P u r i f i e d  TACK and t h e  t u b u I i n - t u b u  I in  
k i n a s e  f r a c t i o n  w e r e  r e s o l v e d  on h i g h  r e s o l u t i o n  20 cm one  
d i m e n s i o n a l  SDS-PAGE g e l s  as  p r e v i o u s l y  d e s c r i b e d  
( G o l d e n r i n g ,  e t  a l . ,  1 9 8 3 a ) .  R e s o l v e d  p r o t e i n  s t a i n i n g  bands
1 18
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c o r r e s p o n d i n g  t o  a l p h a  and b e t a  t u b u l i n ,  and t h e  r h o  and  
s i gma  s u b u n i t s  o f  t h e  k i n a s e  we r e  e x c i s e d  f r o m  t h e  g e l s ,  
i o d i n a t e d ,  and d i g e s t e d  t o  c o m p l e t i o n  w i t h  t r y p s i n .  One 
m i l l i o n  cpm o f  d i g e s t e d  s am p l e  we r e  a p p l i e d  t o  c e l l u l o s e  t h i n  
l a y e r  p l a t e s  ( M e r c k )  and r e s o l v e d  by t w o - d i m e n s i o n a l  
e l e c t r o p h o r e s i s / c h r o m a t o g r a p h y .  D e v e l o p e d  p l a t e s  wer e  
e x p o s e d  t o  XAR-5 f i l m .
1 19
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RESULTS
DEAE C h r o m a t o g r a p h y . A l p h a  a n d  b e t a  t u b u l i n  a r e  a c i d i c
p r o t e i n s  w h i c h  a d h e r e  t i g h t l y  t o  DEAE c e l l u l o s e  and can  be
h i g h l y  e n r i c h e d  f r o m  b r a i n  c y t o s o l  by DEAE c e l l u l o s e  ion
e x c h a n g e  c h r o m a t o g r a p h y  ( E i p p e r ,  1 9 7 2 ) .  C o n v e r s e l y ,  t h e  
2 +
p u r i f i e d  Ca - c a l m o d u l i n  t u b u l i n  k i n a s e  does  n o t
s i g n i f i c a n t l y  a d h e r e  t o  DEAE c e l l u l o s e ,  b u t  does  t i g h t l y
a d h e r e  t o  p h o s p h o c e I  I u I o s e  r e s i n  ( G o l d e n r i n g ,  e t  a l . ,  1 9 8 3 a ) .
T h u s ,  i f  some o f  t h e  c a l m o d u l i n  t u b u l i n  k i n a s e  e x i s t e d  in  t h e
f o r m  o f  a t u b u I i n - e n z y m e  c o m p l e x ,  i t  wo u l d  be r e t a i n e d  by
DEAE c e l l u l o s e  b e c a u s e  o f  i t s  a s s o c i a t i o n  w i t h  t u b u l i n .  To
t e s t  t h i s  p o s s i b i l i t y ,  we u t i l i z e d  DEAE c e l l u l o s e
c h r o m a t o g r a p h y  t o  p r e p a r e  a t u b u l i n  f r a c t i o n  w h i c h  m i g h t
c o n t a i n  e n d o g e n o u s  c a l m o d u l i n  d e p e n d e n t  k i n a s e  a c t i v i t y .
B r a i n  s u p e r n a t e  i n  t h e  p r e s e n c e  o f  1 mM MqCI  was
2
c h r o m a t o g r a p h e d  on DEAE r e s i n  and and t h e  c o l umn was washed
w i t h  160 mM and 5 0 0  mM N a C I .  The  500  mM NaCI  f r a c t i o n
c o n t a i n e d  e s s e n t i a l l y  a l l  o f  t h e  c y t o s o l i c  t u b u l i n  and a l l  of
2 +
t h e  e n d o g e n o u s  Ca - d e p e n d e n t  t u b u l i n  k i n a s e  a c t i v i t y  ( F i g u r e
1 A ) .  The t u b u l i n - c o n t a i n i n g  p r e p a r a t i o n  a l s o  c o n t a i n e d
2+
s a t u r a t i n g  l e v e l s  o f  e n d o g e n o u s  c a l m o d u l i n  and a Ca 
d e p e n d e n t  p r o t e a s e  a c t i v i t y .
In o r d e r  t o  f u r t h e r  e x a m i n e  t h e  a s s o c i a t i o n  o f  k i n a s e  
a c t i v i t y  w i t h  t u b u l i n ,  t h e  t u b u l i n  and k i n a s e  c o n t a i n i n g  
f r a c t i o n  o b t a i n e d  in  t h e  500  mM NaCI  e l u t i o n  f r o m  DEAE 
c e l l u l o s e  was r e a p p l i e d  t o  DEAE r e s i n .  The co l umn was washed  
w i t h  160 mM N a C I ,  and t h e n  e l u t e d  w i t h  a 5 0 0  mM NaCI  wash
I
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FIGURE 1♦ C h r o m a t o g r a p h y  o f  c a l m o d u l i n  d e p e n d e n t  t u b u l i n  
k i n a s e  a c t i v i t y  on DEAE c e l l u l o s e  r e s i n .  A.  B r a i n  c y t o s o l  
was c h r o m a t o g r a p h e d  on DEAE c e l l u l o s e  r e s i n  and e l u t e d  
d i s c o n t i n u o u s I y  w i t h  160 mM NaCI  and 500  mM N a C I .  B o t h  
t u b u l i n  p r o t e i n  ( # )  and e n d o g e n o u s  t u b u l i n  k i n a s e  a c t i v i t y  ( I )  
e l u t e d  w i t h  5 0 0  mM N a C I .  B.  The 500  mM NaCI  f r a c t i o n  f r o m  
A.  was d i l u t e d  t o  50 mM NaCI  and r e c h r o m a t o g r a p h e d  on DEAE 
c e l l u l o s e .  A l l  o f  t h e  t u b u l i n  ( 0 )  and e n d o g e n o u s  t u b u l i n  
k i n a s e  a c t i v i t y  ( R )  e l u t e d  w i t h  500 mM N a C I .  C.  The 5 0 0  mM 
NaCI  f r a c t i o n  f r o m  A.  was d i l u t e d  t o  50 mM N a C I ,  c h e l a t e d  
w i t h  2 mM EDTA and 2 mM EGTA and r e c h r o m a t o g r a p h e d  on DEAE 
r e s i n .  W h i l e  a l l  o f  t h e  t u b u l i n  p r o t e i n  a d h e r e d  t o  t h e  r e s i n  
and e l u t e d  w i t h  500  mM NaCI  ( B ) ,  l i t t l e  s i g n i f i c a n t  
e n d o g e n o u s  c a l m o d u l i n - d e p e n d e n t  t u b u l i n  k i n a s e  a c t i v i t y  was 
d e t e c t e d  ( B ) .  E x og e no us  t u b u l i n  k i n a s e  a c t i v i t y  a s s a y e d  in 
t h e  p r e s e n c e  o f  10 ug o f  p u r i f i e d  t u b u l i n  was o b s e r v e d  i n  t h e  
v o i d  f r a c t i o n  o f  t h e  co l u mn ( A ) .  T u b u l i n  p r o t e i n  was 
d e t e r m i n e d  by d e n s i t o m e t r i c  s c a n n i n g  o f  SDS-PAGE g e l s  and was 
e x p r e s s e d  as  p e r c e n t  o f  t o t a l  t u b u l i n .  T u b u l i n  
p h o s p h o r y l a t i o n  was d e t e r m i n e d  by s c i n t i l l a t i o n  c o u n t i n g  o f  
bands e x c i s e d  f r o m SDS-PAGE g e l s  and was e x p r e s s e d  as p e r c e n t  
o f  ma x i ma l  t u b u l i n  p h o s p h o r y l a t i o n .
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CYTOSOL 1 0 9 . 4 5
DEAE 1 2 . 7 8
SEPHACRYL 0 . 6 5
FRACTOGEL 65 0 . 3 4
Each o f  t h e  f r a c t i o n s  was p o o l e d  and s a m p l e s  were
2 +
p h o s p h o r y I a t e d  in  t h e  p r e s e n c e  o f  4 mM Mg and 7 uM ATP,  in
2 +
t h e  p r e s e n c e  o r  a b s e n c e  o f  50 uM Ca and 1 ug o f  c a l m o d u l i n
f o r  one m i n u t e .  T u b u l i n  p h o s p h o r y l a t i o n  a c t i v i t y  was
q u a n t i t a t e d  by s c a n n i n g  o f  a u t o r a d i o g r a p h i c  images  o f  p r o t e i n
r e s o l v e d  on SDS-PAGE ( D e L o r e n z o ,  e t  a l ,  1 9 7 7 ) .  A c t i v i t y  was
2 +
c a l c u l a t e d  as t h e  d i f f e r e n c e  o f  Ca - c a l m o d u l i n  s t i m u l a t e d
2 +
p h o s p h o r y l a t i o n  o v e r  p h o s p h o r y l a t i o n  in t h e  p r e s e n c e  o f  Mg 
a l o n e  and e x p r e s s e d  as a p r e c e n t  o f  t o t a l  t u b u l i n  k i n a s e  
a c t i v i t y  p r e s e n t  in  t h e  c y t o s o l i c  f r a c t i o n .
RELATIVE S P E C I F I C  
A C T I V I T Y  ( ? )  A C T I V I T Y
100 1
3 3 . 5  2 . 9
11 - 2  1 9 . 0
7 -1 2 2 . 7
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( F i g u r e  I B ) .  E s s e n t i a l l y  a l l  o f  t h e  t u b u l i n  and a l l  o f  t h e
2 +
r e c o v e r e d  e n d o g e n o u s  Ca - d e p e n d e n t  t u b u l i n  k i n a s e  a c t i v i t y  
a g a i n  a d h e r e d  t o  t h e  co l umn and e l u t e d  w i t h  500  mM NaCI  
( F i g u r e  I B ) .  A p p r o x i m a t e l y  33? o f  t h e  o r i g i n a l  c y t o s o l i c  
t u b u l i n  k i n a s e  a c t i v i t y  was r e c o v e r e d  on t h e  DEAE column  
( T a b l e  I ) .  C a l m o d u l i n  k i n a s e  a c t i v i t y  i s  v e r y  l a b i l e  p o s t  
mort em ( J u s k e v i c h ,  e t  a l . ,  1 9 8 2 ;  G o l d e n r i n g ,  e t  a l . ,  1 9 8 2 ) ,  
e s p e c i a l l y  due t o  i t s  m a r k e d  s e n s i t i v i t y  t o  p r o t e o l y t i c  
a c t i v i t y .  The r e c o v e r y  o f  k i n a s e  a c t i v i t y  i s  c o n s i s t e n t  w i t h  
t h e s e  p r e v i o u s  o b s e r v a t i o n s  and s u b s e q u e n t  s e p a r a t i o n  o f  t h e  
k i n a s e  f r o m p r o t e a s e  a c t i v i t y  o b s e r v e d  i n  t h i s  f r a c t i o n  by 
S e p h a c r y l  S - 3 0 0  c h r o m a t o g r a p h y  r e s u l t e d  i n  a s i g n i f i c a n t  
s t a b i l i z a t i o n  o f  t h e  c a l m o d u l i n - d e p e n d e n t  k i n a s e .
2+
In an a t t e m p t  t o  d i s s o c i a t e  t u b u l i n  f r o m  t h e  Ca t u b u l i n
k i n a s e  a c t i v i t y ,  t h e  5 0 0  mM NaCI  f r a c t i o n  f r o m  t h e  DEAE
column was made 2 mM EDTA,  2 mM EGTA and r e a p p l i e d  t o  t h e
DEAE c o l u m n .  The c o l u m n  was t h e n  e l u t e d  w i t h  160 mM NaCI  and
t h e n  5 0 0  mM NaCI  ( F i g u r e  1 C ) .  T u b u l i n  s t i l l  a d h e r e d  t o  t h e
column and e l u t e d  w i t h  t h e  5 0 0  mM NaCI  wa s h .  H o w e v e r ,  no
s i g n i f i c a n t  e n d o g e n o u s  t u b u l i n  k i n a s e  a c t i v i t y  was o b s e r v e d
in t h i s  f r a c t i o n  o r  i n  t h e  v o i d  o r  160 mM NaCI  wa s h ,
s u g g e s t i n g  t h a t  t h e  k i n a s e  was s e p a r a t e d  f r o m  i t s  s u b s t r a t e
t u b u l i n  and pa s s e d  t h r o u g h  t h e  c o l u m n .  To e x a m i n e  t h i s
p o s s i b i l i t y ,  t h e  f r a c t i o n s  e l u t e d  f r o m  t h e  c o l umn we r e
2 +
a s s a y e d  u s i n g  e x o g e n o u s l y  a dded  t u b u l i n  f o r  Ca - c a l m o d u l i n
t u b u l i n  k i n a s e  a c t i v i t y  ( F i g u r e  1 C ) .  The r e s u l t s  d e m o n s t r a t e  
2 +
t h a t  t h e  Ca - c a l m o d u l i n  k i n a s e  a c t i v i t y  s e p a r a t e d  f r o m
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t u b u l i n  and  d i d  n o t  by i t s e l f  a d h e r e  t o  DEAE c e l l u l o s e ,  b u t  
was e l u t e d  in t h e  v o i d  v o l u me  o f  t h e  c o l u m n .  T h e s e  
o b s e r v a t i o n s  i n d i c a t e  t h a t  a s i g n i f i c a n t  f r a c t i o n  o f  
c a l m o d u l i n - d e p e n d e n t  k i n a s e  c o u l d  be made t o  a d h e r e  t o  t h e  
DEAE r e s i n  b e c a u s e  o f  i t s  a s s o c i a t i o n  w i t h  t u b u l i n  o r  o t h e r  
a c i d i c  p r o t e i n s  bound t o  t h e  DEAE r e s i n .
S e p h a c r y l  S - 3 0 0  C h r o m a t o g r a p h y . In o r d e r  t o  p u r i f y  f u r t h e r  
t h e  t u b u l i n  and t u b u l i n  k i n a s e  a c t i v i t y  and d e t e r m i n e  i f  t h i s  
k i n a s e  was a d h e r i n g  t o  t u b u l i n  o r  o t h e r  DEAE- bound  p r o t e i n s ,  
t h e  t u b u l i n  and c a l m o d u l i n  k i n a s e - c o n t a i n i n g  f r a c t i o n  
p r e p a r e d  on DEAE c e l l u l o s e  was c h r o m a t o g r a p h e d  on S e p h a c r y l  
S - 3 0 0  S u p e r f i n e  g e l  f i l t r a t i o n  r e s i n  w h i c h  p o s s e s s e s  an 
a p p r o x i m a t e  e x c l u s i o n  l i m i t  o f  1 , 5 0 0 , 0 0 0  d a l t o n s .  As 
p r e v i o u s l y  r e p o r t e d  ( G o l d e n r i n g ,  e t  a l . ,  1 9 8 3 a ) ,  t h e  p u r i f i e d  
c a l m o d u l i n  k i n a s e  i s  i n c l u d e d  on S e p h a c r y l  S - 3 0 0 ,  
c h r o m a t o g r a p h i n g  w i t h  an a p p a r e n t  m o l e c u l a r  w e i g h t  o f  6 0 0 , 0 0 0  
d a l t o n s .  T u b u l i n  h e t e r o d i m e r s  a r e  a l s o  i n c l u d e d  on t h i s  
co l u mn ,  c h r o m a t o g r a p h i n g  w i t h  an a p p r o x i m a t e  m o l e c u l a r  w e i g h t  
of  1 1 0 , 0 0 0  d a l t o n s .  The S e p h a c r y l  co l umn s e p a r a t e d  t h e  DEAE 
e l u a t e  i n t o  a v o i d  f r a c t i o n  and t wo  m a j o r  i n c l u d e d  f r a c t i o n s  
( F i g u r e  2 )  .
2+
A l l  o f  t h e  r e c o v e r e d  e n d o g e n o u s  Ca - c a l m o d u l i n  
d e p e n d e n t  k i n a s e  a c t i v i t y  e l u t e d  i n  t h e  v o i d  f r a c t i o n  o f  t h e  
column ( F i g u r e  2 ) .  The r e c o v e r e d  k i n a s e  a c t i v i t y  r e p r e s e n t e d  
o ve r  10? o f  t h e  o r i g i n a l  c y t o s o l i c  k i n a s e  a c t i v i t y  and  t h e  
r e l a t i v e  s p e c i f i c  a c t i v i t y  f o r  t u b u l i n  k i n a s e  In  t h i s  
f r a c t i o n  was i n c r e a s e d  19 f o l d  i n c o m p a r i s o n  w i t h  c y t o s o l
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FIGURE 2 .  R e s o l u t i o n  o f  t h e  5 0 0  mM NaCI  e l u t i o n  f r om DEAE 
c e l l u l o s e  on S e p h a c r y l  S - 3 0 0  g e l  c h r o m a t o g r a p h y  r e s i n .  A.  
The 500 mM NaCI  e l u t i o n  f r o m  DEAE r e s i n  was a p p l i e d  t o  
S e p h a c r y l  S - 3 0 0  c o l u mn  ( 1 . 6  X 80 cm) and e l u t e d  w i t h  10 mM 
P i p e s ,  pH 6 . 9 ,  0 . 1  mM MgCI , 1 mM 2 - m e r c a p t o e t h a n o I , 0 . 3  mM
One ml f r a c t i o n s  we r e  c o l l e c t e d  and a s s a y e d  f o r  e n d o g e n o u s
s t a n d a r d  c o n d i t i o n s .  T u b u l i n  k i n a s e  a c t i v i t y  e l u t e d  in  t h e  
v o i d  vo l ume o f  t h e  c o l u m n .  B .  SDS-PAGE r e s o l u t i o n  o f  
f r a c t i o n s  e l u t e d  f r o m  S e p h a c r y l  S - 3 0 0 .  F r a c t i o n s  3 0 ,  32 and  
34 c o r r e s p o n d  t o  t h e  peak  o f  e n d o g e n o u s  t u b u l i n  k i n a s e  
a c t i v i t y  and d e m o n s t r a t e d  a l p h a  and b e t a  t u b u l i n  as t h e  m a j o r  
p r o t e i n  c o m p o n e n t s  w i t h  a f e w  m i n o r  s t a i n i n g  p o l y p e p t i d e s .
The m a j o r i t y  o f  t h e  t u b u l i n  and o t h e r  p r o t e i n s  e l u t e d  f r o m  
DEAE c h r o m a t o g r a p h e d  in  t h e  m a j o r  i n c l u d e d  p e a k s  ( F r a c t i o n s  
49 t h r o u g h  7 8 ) .
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2
PMSF.  E l u t i o n  o f  p r o t e i n  was m o n i t o r e d  a t  280  nm (■ 0 .
c a l m o d u l i n  d e p e n d e n t  t u b u l i n  k i n a s e  a c t i v i t y  ( • — — • )  u n d e r
127
( T a b l e  I ) .  T h i s  f r a c t i o n  m a i n l y  c o n t a i n e d  a l p h a  and b e t a  
t u b u l i n  and a f ew  m i n o r  s t a i n i n g  p r o t e i n s  on SDS-PAGE ( F i g u r e  
2B) . When t h i s  f r a c t i o n  was p h o s p h o r y I a t e d  and r e s o l v e d  on 
t w o - d i m e n s i o n a l  g e l  e l e c t r o p h o r e s i s ,  p h o s p h o r y I a t e d  t u b u l i n  
and p h o s p h o r y l a t i o n  o f  t wo  p r o t e i n s  c o m i g r a t i n g  w i t h  t h e  r h o  
and s i gma  s u b u n i t s  o f  p u r i f i e d  k i n a s e  wer e  o b s e r v e d  ( F i g u r e  
6 ) .  The two i n c l u d e d  p e a k s  c o n t a i n e d  t h e  m a j o r i t y  o f  t h e  
t u b u l i n  and m o s t  o f  t h e  o t h e r  m a j o r  p r o t e i n s  a p p l i e d  t o  t h e  
col umn ( F i g u r e  2 B ) .  A l l  o f  t h e  e n d o g e n o u s  p r o t e a s e  a c t i v i t y  
a s s o c i a t e d  w i t h  t h e  DEAE f r a c t i o n  was c o n t a i n e d  in t h e  
i n c l u d e d  p e a k s .  The  m a j o r  i n c l u d e d  p r o t e i n  peak  
c h r o m a t o g r a p h e d  w i t h  an a p p r o x i m a t e  a p p a r e n t  m o l e c u l a r  w e i g h t  
of  1 1 0 , 0 0 0  d a l t o n s ,  c o r r e s p o n d i n g  t o  t h e  m o l e c u l a r  w e i g h t  o f  
t u b u l i n  h e t e r o d i m e r s .  T h u s ,  a h i g h  m o l e c u l a r  w e i g h t  f r a c t i o n  
c o n t a i n i n g  a p p r o x i m a t e l y  8% o f  t h e  a p p l i e d  t u b u l i n  and 5% o f  
t h e  a p p l i e d  p r o t e i n  c o n t a i n e d  a l l  o f  t h e  r e c o v e r e d  e n d o g e n o u s  
c a l m o d u l i n  k i n a s e  a c t i v i t y .  T h i s  t u b u l i n - a s s o c i a t e d  k i n a s e  
f r a c t i o n  c o u l d  be s e p a r a t e d  away f r o m  f r e e  t u b u l i n  
h e t e r o d i m e r s ,  i n d i c a t i n g  t h a t  t h e  k i n a s e  may be a s s o c i a t e d  
w i t h  a s p e c i f i c  f r a c t i o n  o f  b r a i n  t i ' - l i r  * •  - - . o n  in t h e
form o f  a comp l e x .
F r a c t o a e I  TSK HW- 65F C h r o m a t o g r a p h y . The S e p h a c r y l  v o i d
f r a c t i o n  was f u r t h e r  r e s o l v e d  on F r a c t o q e l  TSK HW-65F r e s i n
6
w h i ch  p o s s e s s e s  an a p p r o x i m a t e  e x c l u s i o n  l i m i t  o f  5 X 10 
d a l t o n s .  C h r o m a t o g r a p h y  o f  t h e  S e p h a c r y l  v o i d  on F r a c t o g e l  
y i e l d e d  t wo m a j o r  p e a k s ,  one e l u t i n g  as a v o i d  f r a c t i o n  and a 
second peak  e l u t i n g  w i t h  an a p p r o x i m a t e  m o l e c u l a r  w e i g h t  o f
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FIGURE 3 .  Chr omat ogr aphy  o f  t h e  v o i d  f r a t i o n  f rom Se p h a c ry l
S - 3 0 0  r e s i n  on F r a c t o g e l  TSK HW-65F g e l  f i l t r a t i o n  r e s i n .
The v o i d  f r a c t i o n  e l u t e d  f r o m  S e p h a c r y l  S - 3 0 0  was a p p l i e d  t o
F r a c t o g e l  65F r e s i n  ( 1 . 6  X 80  cm) and e l u t e d  w i t h  10 mM
P i p e s ,  pH 6 . 9 ,  0 . 1  mM MgCI  , 150 mM N a C I ,  1 mM 2 -
2
m e r c a p t o e t h a n o I , 0 . 3  mM PMSF.  P r o t e i n  e l u t i o n  was m o n i t o r e d
a t  280  nm (- -) . One ml f r a c t i o n s  we r e  c o l l e c t e d  and
a s s a y e d  f o r  e n d o g e n o u s  t u b u l i n  k i n a s e  a c t i v i t y  ) u nde r
s t a n d a r d  c o n d i t i o n s .  C a l m o d u l i n  d e p e n d e n t  e n d o g e n o u s  t u b u l i n
k i n a s e  a c t i v i t y  e l u t e d  as  a s i n g l e  i n c l u d e d  peak  w i t h  an
6
a p p a r e n t  m o l e c u l a r  w e i g h t  o f  a p p r o x i m a t e l y  1 . 8  X 10 d a l t o n s .
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1 . 8  X 10 d a l + o n s  ( F i g u r e  3 ) .  A l l  o f  t h e  t u b u l i n  k i n a s e  
a c t i v i t y  and most  o f  t h e  e n d o g e n o u s  t u b u l i n  f r o m  t h e  
S e p h a c r y l  v o i d  s a m p l e  e l u t e d  i n  t h e  i n c l u d e d  p e a k .  
R e c h r o m a t o g r a p h y  o f  t h i s  i n c l u d e d  p e a k  on F r a c t o g e l  65 r e s i n  
r e s u l t e d  in  a s i n g l e  i n c l u d e d  peak  e l u t i n g  i d e n t i c a l l y  w i t h  
t h e  o r i g i n a l  f r a c t i o n  and  c o n t a i n i n g  t u b u l i n  and t u b u l i n  
k i n a s e  a c t i v i t y .  The  v o i d  f r a c t i o n  o f  t h e  F r a c t o g e l  co l umn  
c o n t a i n e d  a s m a l l  a m o u n t  o f  t u b u l i n  and and t h r e e  p r o t e i n s  
w h i ch  c o r r e s p o n d e d  i n  m o l e c u l a r  w e i g h t  t o  t h e  n e u r o f i l a m e n t  
t r i p l e t  p r o t e i n s .  The t u b u l i n  k i n a s e  f r a c t i o n  c o n t a i n e d  a l l  
o f  t h e  r e c o v e r e d  a c t i v i t y  f r o m  t h e  c o l u m n ,  r e p r e s e n t i n g  
a p p r o x i m a t e l y  10? o f  t h e  t o t a l  a c t i v i t y  in t h e  o r i g i n a l  
c y t o p l a s m  and a 2 3 - f o l d  i n c r e a s e  i n  r e l a t i v e  s p e c i f i c  
a c t i v i t y  o v e r  c y t o p l a s m .  F u r t h e r m o r e ,  b e c a u s e  o f  t h e  a b s e n c e  
o f  p r o t e a s e  a c t i v i t y ,  t h e  enzyme p r e p a r a t i o n  was s t a b i l i z e d .  
Over  75? o f  t h e  a c t i v i t y  a p p l i e d  t o  t h e  F r a c t o g e l  65 co l umn  
was r e c o v e r e d  in  t h e  f i n a l  k i n a s e  f r a c t i o n  c o mp a r e d  t o  o n l y  
30? r e c o v e r i e s  f o r  t h e  DEAE and S e p h a c r y l  S - 3 0 0  p r o c e d u r e s .
T h e s e  r e s u l t s  d e m o n s t r a t e  t h a t  b o t h  t u b u l i n  and k i n a s e  
a r e  e l u t i n g  t o g e t h e r  a t  an a p p a r e n t  m o l e c u l a r  w e i g h t  w e l l  in 
e x c e s s  o f  t h e i r  own m o l e c u l a r  w e i g h t s .  T u b u l i n  i s  t h e  o n l y  
m a j o r  p r o t e i n  in  t h i s  f r a c t i o n  p r o v i d i n g  e v i d e n c e  t h a t  a 
s i g n i f i c a n t  f r a c t i o n  o f  t h i s  c a l m o d u l i n - d e p e n d e n t  k i n a s e  i s  
i n d e e d  a s s o c i a t e d  w i t h  t u b u l i n  ( F i g u r e  4 ) .  The f r a c t i o n  
i s o l a t e d  on F r a c t o g e l  65F  d e m o n s t r a t e d  c a l m o d u l i n  d e p e n d e n t  
p h o s p h o r y l a t i o n  o f  b o t h  a l p h a  and b e t a  t u b u l i n  as w e l l  as 
p h o s p h o r y l a t i o n  o f  5 2 , 0 0 0  and 6 3 , 0 0 0  d a l t o n  p r o t e i n s  ( F i g u r e
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2+
FIGURE 4 .  Endogenous Ca - c a l m o d u l i n  d e pen dent
p h o s p h o r y l a t i o n  o f  t u b u l i n  i n  t h e  t u b u I i n - t u b u I i n  k i n a s e
c o m p l e x  i s o l a t e d  f r o m  F r a c t o g e l  65F  r e s i n .  A l p h a  (OCT)  and
b e t a  ( yS T )  t u b u l i n  w e r e  t h e  m a j o r  p r o t e i n  s t a i n i n g  bands  in
t h e  F r a c t o g e l  65F  i s o l a t e d  f r a c t i o n  ( l a n e  1 ) .  T h i s  f r a c t i o n
2 +
was p h o s p h o r y I a t e d  i n  t h e  p r e s e n c e  o f  Mg o n l y  (4  mM; l a n e  
2 +  2 +  2 +  2 +
2 ) ,  Mg (4  mM) and  Ca ( 5 0  uM; l a n e  3 ) ,  and  Mg , C a  , a n d
c a l m o d u l i n  ( l a n e  4 ) .  A s i l v e r  s t a i n e d  p r o t e i n  p a t t e r n  o f
p u r i f i e d  c a l m o d u l i n  k i n a s e  c o n s i s t i n g  o f  t w o  s u b u n i t s ,  r h o  ( / ? )
and s i gma ( (S  ) ,  i s  shown i n  l a n e  5 f o r  r e f e r e n c e .  The
2 +
f r a c t i o n  d i s p l a y e d  Ca - c a l m o d u l i n  d e p e n d e n t  p h o s p h o r y l a t i o n  
of  b o t h  a l p h a  and b e t a  t u b u l i n  as  w e l l  as p h o s p h o r y l a t i o n  o f  
t wo bands w h i c h  c o m i g r a t e d  w i t h  t h e  r h o  and s i gma  s u b u n i t s  o f  
p u r i f i e d  TACK.
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4 ) .  A p p r o x i m a t e l y  2 t o  5% o f  t h e  t u b u l i n  i n wh o l e  b r a i n  
c y t o p l a s m  was r e c o v e r e d  w i t h  t h e  k i n a s e  c o mp l e x  i s o l a t e d  by 
F r a c t o g e l  65 c h r o m a t o g r a p h y .  The 2 3 - f o l d  i n c r e a s e  i n  
s p e c i f i c  a c t i v i t y  f o r  t u b u l i n  p h o s p h o r y l a t i o n  o v e r  c y t o s o l  
seen i n t h i s  f r a c t i o n  ( T a b l e  I )  f u r t h e r  i n d i c a t e s  t h a t  t h i s  
t u b u I i n - t u b u I i n  k i n a s e  f r a c t i o n  r e p r e s e n t s  an e n d o g e n o u s  
enzyme s u b s t r a t e  c o m p l e x .
C a I m o d u I i  n A f f i n i t y  C h r o m a t o g r a p h y . The F r a c t o g e l  65
p u r i f i e d  t u b u I i n - t u b u I i n  k i n a s e  c o mp l e x  was c h r o m a t o g r a p h e d
on c a l m o d u l i n  a f f i n i t y  r e s i n .  Bo t h  t h e  e n d o g e no u s  t u b u l i n
k i n a s e  a c t i v i t y  and t u b u l i n  i n  t h i s  f r a c t i o n  we r e  r e t a i n e d  on
t h e  c a l m o d u l i n  a f f i n i t y  co l umn and e l u t e d  w i t h  t h e  c h e l a t o r
wash ( F i g u r e  5 C ) .  H o w e v e r ,  h i g h l y  p u r i f i e d  t u b u l i n ,
s e p a r a t e d  f r om m i c r o t u b u l e  a s s o c i a t e d  p r o t e i n s  by
c h r o m a t o g r a p h y  on p h o s p h o c e I  I u I o s e  r e s i n  ( W e i n g a r t e n ,  e t  a l . ,
1 9 7 5 ) ,  d i d  n o t  a d h e r e  t o  t h e  c a l m o d u l i n  a f f i n i t y  r e s i n ,  and
c o n t a i n e d  no e n d o g e n o u s  c a l m o d u l i n  k i n a s e  a c t i v i t y  ( F i g u r e
5 A ) .  The p u r i f i e d  c a l m o d u l i n  d e p e n d e n t  t u b u l i n  k i n a s e
( G o l d e n r i n g ,  e t  a l . ,  1 9 8 3 a )  a d h e r e s  t o  t h e  c a l m o d u l i n  col umn
and e l u t e s  w i t h  t h e  c h e l a t o r  wash ( F i g u r e  5 B ) . S i n c e  t u b u l i n
a l o n e  does  n o t  a d h e r e  t o  t h e  c a l m o d u l i n  c o l u mn ,  t h e s e  r e s u l t s
f u r t h e r  d e m o n s t r a t e  t h a t  t h e  t u b u l i n  i n t h e  F r a c t o g e l  65
p u r i f i e d  t u b u I i n - t u b u I i n  k i n a s e  f r a c t i o n  i s  t i g h t l y
2 +
a s s o c i a t e d  w i t h  t h e  Ca - c a l m o d u l i n  k i n a s e  in t h e  f o r m o f  a 
c o mp l e x .  The o n l y  p r o t e i n s  d e t e c t e d  by s i l v e r  s t a i n i n g  of  
t h i s  c a l m o d u l i n  a f f i n i t y  p r e p a r a t i o n  we r e  a l p h a  and b e t a  
t u b u l i n  and t h e  r h o  and s i gma s u b u n i t s  o f  t h e  c a l m o d u l i n
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FI GURE 5 .  C h r o m a t o g r a p h y  o f  t h e  t u b u I i n - t u b u I i n  k i n a s e  
c o mp l e x  on c a l m o d u l i n  a f f i n i t y  r e s i n .  P u r i f i e d  t u b u l i n ,  
p u r i f i e d  TACK and t h e  t u b u I i n - t u b u I i n  k i n a s e  c o mp l e x  we r e  
a p p l i e d  t o  c a l m o d u l i n  a f f i n i t y  r e s i n  ( 1 . 0  X 8 . 0  cm) a nd  t h e  
c ol umn was e l u t e d  w i t h  2 mM EGTA as d e s c r i b e d  i n t h e  
E x p e r i m e n t a l  P r o c e d u r e s .  P r o t e i n  e l u t i o n  was m o n i t o r e d  a t
2 80  nm (----------) .  One ml f r a c t i o n s  we r e  c o l l e c t e d  and a s s a y e d
f o r  e n d o g e n o u s  ( • ------ • )  o r  e x o g e n o u s  (■------ • )  t u b u l i n  k i n a s e
a c t i v i t y .  The p r o t e i n  p a t t e r n s  o b s e r v e d  f o r  t h e  v o i d  ( V )  and 
c h e l a t o r  e l u t i o n  ( E )  f r a c t i o n s  a r e  shown t o  t h e  r i g h t  o f  each  
p a t t e r n .  A.  T u b u l i n  p u r i f i e d  away f r o m m i c r o t u b u l e -  
a s s o c i a t e d  p r o t e i n s  t h r o u g h  c h r o m a t o g r a p h y  on 
p h o s p h o c e I  I u I o s e  d i d  n o t  a d h e r e  t o  t h e  c a l m o d u l i n  a f f i n i t y  
r e s i n .  P u r i f i e d  t u b u l i n  d o e s  n o t  d i s p l a y  c a l m o d u l i n  
d e p e n d e n t  t u b u l i n  k i n a s e  a c t i v i t y ,  and no e n d o g e n o u s  t u b u l i n  
k i n a s e  a c t i v i t y  was o b s e r v e d  i n  any o f  t h e  f r a c t i o n s .  B.  
P u r i f i e d  c a l m o d u l i n  k i n a s e  as  w e l l  as e x o g e n o u s  t u b u l i n  
k i n a s e  a c t i v i t y  a d h e r e d  t o  t h e  c a l m o d u l i n  a f f i n i t y  r e s i n  and 
e l u t e d  w i t h  c h e l a t o r .  C.  When t h e  t u b u I i n - t u b u I i n  k i n a s e  
c o mp l e x  was c h r o m a t o g r a p h e d  on c a l m o d u l i n  a f f i n i t y  r e s i n ,  
p r o t e i n  and e n d o g e n o u s  t u b u l i n  k i n a s e  a c t i v i t y  a d h e r e d  t o  
c a l m o d u l i n  a f f i n i t y  r e s i n  and  e l u t e d  w i t h  c h e l a t o r .
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k i n a s e .  T h i s  t u b u I i n - t u b u I i n  k i n a s e  f r a c t i o n  w i l l  be
r e f e r r e d  t o  as  t h e  t u b u I i n - c a I m o d u I i n  k i n a s e  c o m p l e x .
I d e n t  ? f i c a t  i on and C h a r a c t e r i z a t i o n  o f  t h e  K i n a s e  i n t h e
Tu b u l  i n - C a l m o d u l i n  K i n a s e  Comp I e x . The f o l t o w i n g  s e t  o f
e x p e r i m e n t s  was d e s i g n e d  t o  compar e  t h e  k i n a s e  a c t i v i t y  o f
t h e  t u b u I i n - c a I m o d u I i n  k i n a s e  c ompl e x  w i t h  t h a t  o f  t h e
2+
p r e v i o u s l y  p u r i f i e d  Ca - c a l m o d u l i n  d e p e n d e n t  k i n a s e  f r o m
b r a i n  c y t o s o l  ( G o l d e n r i n g ,  e t  a l . ,  1 9 8 3 a ) .  The p u r i f i e d
k i n a s e  c o n t a i n s  t wo  c l a s s e s  o f  a u t o p h o s p h o r y I  a t i n g  s u b u n i t s
o f  5 2 , 0 0 0  and 6 3 , 0 0 0  d a l t o n s  ( d e s i g n a t e d  r h o  and s i g m a ,
r e s p e c t i v e l y ;  F i g u r e  4 )  wh i c h  p o s s e s s  s i m i l a r  i s o e l e c t r i c
p o i n t s  b e t we e n  6 . 7  and 7 . 2 .  The t wo d i m e n s i o n a l
2+
e l e c t r o p h o r e t i c  p a t t e r n  o f  Ca - c a l m o d u l i n  s t i m u l a t e d  
p h o s p h o r y l a t i o n  f o r  t h e  t u b u I i n - t u b u I i n  k i n a s e  c o mp l e x  and  
t h e  p u r i f i e d  k i n a s e  a r e  d i s p l a y e d  i n F i g u r e  6 .  F i g u r e  6a  
d e m o n s t r a t e s  t h e  p h o s p h o r y l a t i o n  o f  b o t h  a l p h a  and b e t a  
t u b u l i n  and t wo  p r o t e i n s  w i t h  i s o e l e c t r i c  p o i n t s  b e t w e e n  6 . 7  
and 7 . 2 .  The m o l e c u l a r  w e i g h t s  and i s o e l e c t r i c  p o i n t s  
d i s p l a y e d  by t h e  l a t t e r  t w o  p r o t e i n s  wer e  i d e n t i c a l  t o  and  
c o m i g r a t e d  w i t h  t h o s e  f o r  t h e  r h o  and s i gma s u b u n i t s  o f  t h e  
p u r i f i e d  k i n a s e  ( F i g u r e  6 b ) .
C a I m o d u I i  n B i n d i n g  P r o t e  i n s . C a l m o d u l i n  b i n d i n g  i n  
d e n a t u r i n g  g e l s  was e mp l o y e d  t o  i n v e s t i g a t e  t h e  p r e s e n c e  o f  
c a l m o d u l i n - b i n d i n g  p r o t e i n s  i n  t h e  t u b u I i n - t u b u I i n  k i n a s e  
c o m p l e x .  The 5 0 0  mM NaCI  f r a c t i o n  f r o m DEAE c e l l u l o s e  
d e m o n s t r a t e d  t wo  c a l m o d u l i n  b i n d i n g  bands  o f  5 2 , 0 0 0  and  
6 3 , 0 0 0  d a l t o n s  w h i c h  c o m i g r a t e d  w i t h  t h e  r h o  and s i gma
137


























(kd) 5 . pi
138
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
FI GURE 6 .  R e s o l u t i o n  o f  c a l m o d u l i n  d e p e n d e n t  p h o s p h o r y l a t i o n
on t wo d i m e n s i o n a l  g e l s .  A.  The  t u b u I i n - t u b u I i n  K i n a s e
c o mp l e x  was p h o s p h o r y I a t e d  u n d e r  s t a n d a r d  c o n d i t i o n s  i n t h e  
2 +  2 +
p r e s e n c e  o f  Mg , Ca , and  c a l m o d u l i n ,  and r e s o l v e d  i n  t wo  
d i m e n s i o n s .  The a u t o r a d i o g r a p h  d i s p l a y s  t h e  p h o s p h o r y l a t i o n  
o f  b o t h  a l p h a  ( o ^ T )  and b e t a  l j 9 1 )  t u b u l i n  as w e l l  as t wo  
p h o s p h o p r o t e i n s  w i t h  p l ° s  b e t w e e n  6 . 7  and 7 . 2 .  The  l a t t e r  
t wo p r o t e i n s  c o m i g r a t e  w i t h  t h e  a u t o p h o s p h o r y I  a t i n g  r h o  ( p  ) 
and s i gma  ( d  ) s u b u n i t s  o f  p u r i f i e d  TACK wh i c h  a r e  shown in
B.  P h o s p h o r y l a t i o n  t h e  v o i d  f r a c t i o n  f r o m S e p h a c r y l  S - 3 0 0  
c h r o m a t o g r a p h y  and r e s o l u t i o n  on t w o - d i m e n s i o n a l  g e l s  showed  
an e s s e n t i a l l y  i d e n t i c a l  p a t t e r n .
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c a l m o d u l i n  b i n d i n g  s u b u n i t s  o f  p u r i f i e d  k i n a s e ,  r e s p e c t i v e l y .  
Upon c h r o m a t o g r a p h y  o v e r  S e p h a c r y l  S - 3 0 0  r e s i n ,  t h e  v o i d  
f r a c t i o n  o f  t h e  c o l u mn  d e m o n s t r a t e d  b o t h  c a l m o d u l i n  b i n d i n g  
bands  w h i l e  t h e  m a j o r  i n c l u d e d  p e a k  showed o n l y  t h e  p r e s e n c e  
o f  a c a l m o d u l i n  b i n d i n g  band w h i c h  c o m i g r a t e d  w i t h  t h e  s i gma  
s u b u n i t  o f  p u r i f i e d  k i n a s e .  The  t h e  t u b u I i n - c a I m o d u I i n  
k i n a s e  c o m p l e x  i s o l a t e d  on F r a c t o g e l  65F d e m o n s t r a t e d  t h e  
p r e s e n c e  o f  b o t h  c a l m o d u l i n  b i n d i n g  bands c o m i g r a t i n g  w i t h  
r h o  and s i g m a .  R e s o l u t i o n  o f  t h e  p u r i f i e d  c o m p l e x  on t w o -  
d i m e n s i o n a l  g e l s  showed t h a t  t h e  c a l m o d u l i n  b i n d i n g  bands  
c o m i g r a t i n g  w i t h  r h o  and s i gma by m o l e c u l a r  w e i g h t  a l s o  have  
i d e n t i c a l  i s o e l e c t r i c  p o i n t s  n e a r  n e u t r a l i t y  ( F i g u r e  7 ) .
D e n s i t o m e t r i c  a n a l y s i s  o f  s i l v e r  s t a i n e d  t w o - d i m e n s i o n a l  
g e l s  r e v e a l e d  an a p p r o x i m a t e  t u b u l i n  t o  enzyme r a t i o  o f  
a p p r o x i m a t e l y  10 t o  1 ( a l t h o u g h  i t  s h o u l d  be n o t e d  t h a t  t h e
q u a n t i t a t i v e  c a p a c i t y  o f  s i l v e r  s t a i n i n g  has n o t  been  
a b s o l u t e l y  d e m o n s t r a t e d ) .  The e s t i m a t e d  m o l e c u l a r  w e i g h t  o f
one enzyme u n i t  ( 6 0 0 , 0 0 0  d a l t o n s )  and 10 t u b u l i n  h e t e r o d i m e r s
( 1 1 0 , 0 0 0  d a l t o n s  e a c h ) ,  b a s e d  on t h e  s t a i n i n g  r a t i o ,  t h e  
e s t i m a t e d  m o l e c u l a r  w e i g h t  o f  t h e  c o mp l e x  wou l d  be 1 . 7  
m i l l i o n  d a l t o n s  w h i c h  i s  i n good a g r e e m e n t  w i t h  t h e  s i z e
F u n c t i o n a l  P a r a m e t e r s  The k i n e t i c  p a r a m e t e r s  f o r  Ca 
c a l m d o u l i n  d e p e n d e n t  t u b u l i n  p h o s p h o r y l a t i o n  we r e  c o mpa r ed
f o r  t h e  F r a c t o g e I - i s o  I a t e d  c o m p l e x  and t h e  p u r i f i e d  k i n a s e
t h e  t u b u I i n - c a I m o d u I i n  k i n a s e  c o m p l e x  by gel  f i l t r a t i o n  was
a p p r o x i m a t e l y  1 . 8  m i l l i o n  d a l t o n s .  I f  t h e  c o mp l e x  c o n t a i n s
d e t e r m i n e d  by g e l  f i l t r a t i o n  f o r  t h e  c o mp l e x .
2 +
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FI GURE 7 .  C a l m o d u l i n  b i n d i n g  +o p r o t e i n s  i n t h e  t u b u l i n -  
t u b u l i n  k i n a s e  c o m p l e x  and p u r i f i e d  TACK.  P r o t e i n  s a mp l e s  
wer e  r e s o l v e d  i n  t w o  d i m e n s i o n s  and t h e n  p r o c e s s e d  f o r  
c a l m o d u l i n  b i n d i n g  a s  d e s c r i b e d  i n  t h e  E x p e r i m e n t a l  
P r o c e d u r e s .  A.  The  a u t o r a d i o g r a p h  o f  c a l m o d u l i n  b i n d i n g  t o  
p u r i f i e d  TACK d e m o n s t r a t e s  t h a t  b o t h  t h e  r h o  ( ^ 3 )  and s i gma  (<*") 
s u b u n i t s  o f  TACK b i n d  c a l m o d u l i n .  B.  The t u b u I i n - t u b u I i n  
k i n a s e  c o m p l e x  a l s o  d i s p l a y e d  t wo  c a l m o d u l i n  b i n d i n g  p r o t e i n s  
wh i c h  c o m i g r a t e d  w i t h  t h e  r h o  and s i gma s u b u n i t s  o f  p u r i f i e d  
TACK.




r e c o n s t i t u t e d  w i t h  p u r i f i e d  t u b u l i n .  B o t h  s y s t e ms
d e m o n s t r a t e d  i d e n t i c a l  K ° s  f o r  ATP ( 7  uM) and K ° s  f o r
m a
c a l m o d u l i n  ( 5 0  n M ) .  T h e s e  p a r a m e t e r s  s u g g e s t  t h a t  t h e
i s o l a t e d  c o mp l e x  d i s p l a y s  an a c t i v i t y  s i m i l a r  t o  t h a t  o f  t h e
p u r i f i e d  e n z y me .
As a n o t h e r  f u n c t i o n a l  c r i t e r i o n  we c o mpar e d  t h e
p h o s p h o a mi n o  a c i d  s i t e  o f  p h o s p h o r y l a t i o n  on a l p h a  and b e t a
t u b u l i n .  As p r e v i o u s l y  r e p o r t e d ,  w h i l e  t h e  p u r i f i e d  k i n a s e
p h o s p h o r y I a t e s  a l p h a  t u b u l i n  o n l y  on s e r i n e  r e s i d u e s ,  t h e
enzyme p h o s p h o r y I a t e s  b e t a  t u b u l i n  e q u a l l y  on s e r i n e  and
t h r e o n i n e  r e s i d u e s  ( G o l d e n r i n g ,  e t  a l . ,  1 9 8 3 a ) .  T a b l e  I I
2 +
d e m o n s t r a t e s  t h a t ,  l i k e  t h e  p u r i f i e d  k i n a s e ,  Ca - c a l m o d u l i n
s t i m u l a t e d  p h o s p h o r y l a t i o n  o f  a l p h a  t u b u l i n  i n t h e  i s o l a t e d
c o mp l e x  o c c u r e d  o n l y  on s e r i n e  r e s i d u e s  w h i l e  b e t a  t u b u l i n
was p h o s p h o r y I a t e d  on b o t h  s e r i n e  and t h r e o n i n e  r e s i d u e s .
T hese  r e s u l t s  s u g g e s t  t h a t  t h e  enz yme  c o mp l e x e d  w i t h  t u b u l i n
in t h e  F r a c t o g e l  65 i s o l a t e d  f r a c t i o n  i s  f u n c t i o n i n g  i n a
manner  i d e n t i c a l  t o  t h a t  d i s p l a y e d  by t h e  p u r i f i e d  k i n a s e .
Hi gh  R e s o l u t i o n  o f  K i n a s e  S u b u n i t s  and P e p t  i de M a p p i n g . The
s u b u n i t s  o f  p u r i f i e d  k i n a s e  and t h e  s u b u n i t s  o f  t h e  t u b u l i n
k i n a s e  c o m p l e x ,  p u r i f i e d  f r o m e i t h e r  F r a c t o g e l  65F r e s i n  o r
c a l m o d u l i n  a f f i n i t y  r e s i n ,  w e r e  s e p a r a t e d  on h i g h  r e s o l u t i o n
o n e - d i m e n s i o n a l  SDS- PAGE.  T h i s  s y s t e m s e p a r a t e d  t h e  f o u r
k i n a s e  s u b u n i t s  ( r h o  , r h o  , s i g ma  , and s i gma ) f r o m a l p h a
1 2  1 2 
and b e t a  t u b u l i n  ( G o l d e n r i n g ,  e t  a l . ,  1 9 8 3 a ) .  L i k e w i s e ,
r e s o l u t i o n  o f  t h e  p u r i f i e d  c o m p l e x  on 20 cm h i g h  r e s o l u t i o n
SDS-PAGE g e l s  r e v e a l e d  t h e  p r e s e n c e  o f  f o u r  c a l m o d u l i n
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FI GURE 8 .  C o m p a r i s o n  o f  p u r i f i e d  TACK w i + h  t h e  c a l m o d u l i n
125
k i n a s e  i n t h e  t u b u I i n - t u b u I i n  k i n a s e  c o m p l e x  by l - t r y p t i c  
p e p t i d e  m a p p i n g .  T he  s u b u n i t s  o f  TACK c an  be s e p a r a t e d  f r o m  
t u b u l i n  by r e s o l u t i o n  o f  l o n g  one d i m e n s i o n a l  SDS-PAGE g e l s  
a s  d e s c r i b e d  i n  E x p e r i m e n t a l  P r o c e d u r e s .  P r o t e i n  s t a i n i n g  
bands  f r o m p u r i f i e d  TACK and  p r o t e i n  b a n d s  i n t h e  t u b u l i n -  
t u b u l i n  k i n a s e  c o m p l e x  c o m i g r a t i n g  w i t h  t h e  TACK s u b u n i t s  
w e r e  e x c i s e d  f r o m  g e l s ,  i o d i n a t e d ,  d i g e s t e d  t o  c o m p l e t i o n  
w i t h  t r y p s i n ,  and  p e p t i d e  f r a g m e n t s  w e r e  r e s o l v e d  in t w o -  
d i m e n s i o n a l  e l e c t r o p h o r e s i s / c h r o m a t o g r a p h y .  E l e c t r o p h o r e s i s  
was f r om l e f t  t o  r i g h t ,  a n d  c h r o m a t o g r a p h y  was f r o m t h e  
b o t t o m  t o  t h e  t o p .  Col umn A shows t h e  t r y p t i c  p e p t i d e  maps
( f a  ) ,  s i q ma  ( d ' i  ) ,  and s i g ma  ( ^ a1 
1 2 
s u b u n i t s  o f  p u r i f i e d  TACK.  Col umn B d i s p l a y s  t h e  p e p t i d e
f o r  t h e  r h o  t ) ,  r h o  
1 2
maps o f  f o u r  p r o t e i n  s t a i n i n g  ba nds  f o u n d  i n t h e  t u b u l i n ­
t u b u l i n  k i n a s e  f r a c t i o n  w h i c h  c o m i g r a t e d  w i t h  t h e  s u b u n i t s  o f  
TACK.  A l t h o u g h  t h e  i n t e n s i t i e s  o f  c e r t a i n  s p o t s  v a r i e d  
some wha t ,  t h e  p e p t i d e  maps o f  a l l  f o u r  b a nd s  i n t h e  t u b u l  i n ­
t u b u l i n  k i n a s e  c o m p l e x  w e r e  f o u n d  t o  be i d e n t i c a l  t o  
c o r r e s p o n d i n g  s u b u n i t s  o f  TACK.  The p a t t e r n  o f  c o m i g r a t i o n  
i s  dr awn in co l umn C.
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b i n d i n g  p r o + e i n s  c o m i g r a t i n g  w i t h  t h e  f o u r  k i n a s e  s u b u n i t s
r h o  , r h o  , s i gma  , and s i g ma  . T h i s  e x t e n d e d  r e s o l u t i o n  
1 2  1 2 
a l s o  a l l o w e d  e x c i s i o n  o f  d i s c r e t e  bands f o r  p e p t i d e  m a p p i n g
a n a l y s i s .  The i s o l a t e d  b a n d s  we r e  i o d i n a t e d ,  d i g e s t e d  t o
125
c o m p l e t i o n  w i t h  t r y p s i n ,  and  t h e  r e s u l t i n g  t - l a b e l l e d  
p e p t i d e  f r a g m e n t s  w e r e  r e s o l v e d  on t w o - d i m e n s i o n a l  c e l l u l o s e  
t h i n  l a y e r  e l e c t r o p h o r e s i s /  c h r o m a t o g r a p h y  and s u b j e c t e d  t o  
a u t o r a d i o g r a p h y  ( G o l d e n r i n g ,  e t  a l . ,  1 9 8 3 a ) .  The p r o t e i n  
bands i s o l a t e d  f r o m t h e  t u b u I i n - t u b u I i n  k i n a s e  c o mp l e x  
f r a c t i o n  d e m o n s t r a t e d  p e p t i d e  maps i d e n t i c a l  t o  t h e  
c o r r e s p o n d i n g  s u b u n i t s  f r o m  p u r i f i e d  k i n a s e  ( F i g u r e  8 ) .  T h u s ,  
by t h i s  f i n a l  c r i t e r i o n ,  t h e  k i n a s e  i s o l a t e d  h e r e  i n  c o m p l e x  
w i t h  t u b u l i n  i s  i d e n t i c a l  t o  t h a t  w h i c h  we have  p u r i f i e d  
p r e v i o u s l y .
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P r e v i o u s  s t u d i e s  on t h e  e n d o g n o u s  p h o s p h o r y l a t i o n  o f  t u b u l i n
i n s y n a p t o s o ma l  c y t o p l a s m  p r o v i d e d  k i n e t i c  e v i d e n c e  t h a t
t u b u l i n  and c a l m o d u l i n - d e p e n d e n t  k i n a s e  we r e  a s s o c i a t e d  as a
c o mp l e x  ( B u r k e  and D e L o r e n z o ,  1 9 8 2 a ) .  The r e s u l t s  p r e s e n t e d
h e r e  i n d i c a t e  t h a t  a s i g n i f i c a n t  f r a c t i o n  o f  a p r e v i o u s l y -
2+
p u r i f i e d  c y t o p l a s m i c  Ca - c a l m o d u l i n - d e p e n d e n t  k i n a s e  
( G o l d e n r i n g ,  e t  a l . ,  1 9 8 3 a )  i s  e n d o g e n o u s l y  a s s o c i a t e d  w i t h  
t u b u l i n  i n  t h e  f o r m  o f  an enz yme s u b s t r a t e  c o m p l e x .  T u b u l i n  
r e m a i n e d  t i g h t l y  a s s o c i a t e d  w i t h  t h i s  c a l m o d u l i n  k i n a s e  
t h r o u g h  m u l t i p l e  p u r i f i c a t i o n  p r o c e d u r e s .  The t u b u l i n ­
c a l m o d u l i n  k i n a s e  c o m p l e x  d e m o n s t r a t e d  c h a r a c t e r i s t i c  
b e h a v i o r  on i on  e x c h a n g e  c h r o m a t o g r a p h y ,  g e l  f i l t r a t i o n ,  and  
c a l m o d u l i n  a f f i n i t y  c h r o m a t o g r a p h y ,  d i f f e r e n t  f r o m t h a t  o f  
e i t h e r  t u b u l i n  o r  p u r i f i e d  k i n a s e  a l o n e .  W h i l e  t h e  p u r i f i e d  
c a l m o d u l i n  k i n a s e  d o e s  n o t  a d h e r e  t o  DEAE c e l l u l o s e ,  t h e  
t u b u I i n - c a I m o d u I i n  k i n a s e  c o m p l e x  d i d  a d h e r e  t o  t h e  r e s i n .  
F u r t h e r m o r e ,  t h e  k i n a s e  a c t i v i t y  a s s o c i a t e d  w i t h  t h e  c o mp l e x  
a d h e r i n g  t o  DEAE r e s i n  c o u l d  be d i s s o c i a t e d  f r o m  t u b u l i n  a n d ,  
l i k e  p u r i f i e d  k i n a s e ,  a l s o  f a i l e d  t o  a d h e r e  t o  DEAE.  The  
a s s o c i a t i o n  o f  k i n a s e  a c t i v i t y  w i t h  t u b u l i n  was f u r t h e r  
d e m o n s t r a t e d  by g e l  f i l t r a t i o n  c h r o m a t o g r a p h y .  W h i l e  t u b u l i n  
and t h e  p u r i f i e d  c a l m o d u l i n  k i n a s e  a l o n e  d e m o n s t r a t e  a p p a r e n t  
m o l e c u l a r  w e i g h t s  o f  1 1 0 , 0 0 0  and 6 0 0 , 0 0 0  d a l t o n s ,  
r e s p e c t i v e l y ,  as d e t e r m i n e d  by g e l  f i l t r a t i o n ,  t h e  t u b u l i n -
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j c a l m o d u l i n  k i n a s e  c o m p l e x  m a n i f e s t e d  a m o l e c u l a r  w e i q h t  o f
;
■ a p p r o x i m a t e l y  1 . 8  m i l l i o n  d a l t o n s ,  i n d i c a t i n g  an a s s o c i a t i o n
b e t w e e n  t u b u l i n  and  k i n a s e  i n  t h e  f o r m o f  a h i g h e r  m o l e c u l a r
I
j w e i g h t  c o m p l e x .  T u b u l i n  and  k i n a s e  r e p r e s e n t e d  g r e a t e r  t h a n  
98 p e r c e n t  o f  t h e  t o t a l  p r o t e i n  i n t h i s  f r a c t i o n  i s o l a t e d
f r o m m u l t i p l e  g e l  f i l t r a t i o n  c h r o m a t o g r a p h y  p r o c e d u r e s .  The
t u b u I i n - c a I m o d u I i n  k i n a s e  c o m p l e x  was f u r t h e r  c h a r a c t e r i z e d
i by c a l m o d u l i n  a f f i n i t y  c h r o m a t o g r a p h y .  W h i l e  t u b u l i n  a l o n e
d oes  n o t  a d h e r e  t o  c a l m o d u l i n  a f f i n i t y  r e s i n ,  p u r i f i e d  
c a l m o d u l i n  k i n a s e  a l o n e  and t h e  t u b u I i n - c a I  m o d u I i n  k i n a s e  
c o mp l e x  d i d  a d h e r e  t o  t h e  c a l m o d u l i n  c o l u m n .  T h u s ,  t u b u l i n
i
was a b l e  t o  a d h e r e  t o  t h e  c a l m o d u l i n  a f f i n i t y  r e s i n  b e c a u s e  
o f  i t s  a s s o c i a t i o n  w i t h  k i n a s e .  T he s e  f i n d i n g s  i n d i c a t e  t h a t
i '  2  +
! a s i g n i f i c a n t  p o r t i o n  o f  c y t o p l a s m i c  t u b u l i n  and a Ca
c a l m o d u l i n  k i n a s e  e x i s t  i n t h e  f o r m o f  an enzyme s u b s t r a t e  
comp l e x .
2+
S e v e r a l  i n v e s t i g a t o r s  h a v e  i s o l a t e d  Ca - c a l m o d u l i n  
d e p e n d e n t  k i n a s e s  f r o m  b r a i n  ( B e n n e t t ,  e t  a l . ,  1 9 8 3 ;
F u k u n a g a ,  e t  a l . ,  1 9 8 2 ;  G o l d e n r i n g  e t  a l . ,  1 9 8 3 a ;  Yamauch i  
and F u j i s a w a ,  1 9 8 3 ) .  T h e s e  k i n a s e s  d e m o n s t r a t e  a number  o f  
s i m i l a r  p r o p e r t i e s ,  and M c G u i n e s s ,  e t  a l  ( 1 9 8 3 )  have  r e c e n t l y  
r e p o r t e d  t h e  i m m u n o l o g i c a l  s i m i l a r i t y  o f  g l y c o g e n  s y n t h a s e  
k i n a s e  and P r o t e i n  I k i n a s e .  N e v e r t h e l e s s ,  a l l  o f  t h e s e  
e n z ymes  have  a s p e c t r u m  o f  k i n a s e  a c t i v i t y  f o r  a number  o f  
s p e c i f i c  and n o n s p e c i f i c  s u b s t r a t e s .  T h u s ,  i t  has n o t  been  
p o s s i b l e  t o  d e f i n e  p r e c i s e l y  t h e  e n d o g e n o u s  t a r g e t s  o f  t h e s e  
k i n a s e s  and t h e  e x a c t  r e l a t i o n s h i p s  o f  h o mo l o go u s  c a l m o d u l i n
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K i n a s e s  i n b r a i n  and o t h e r  t i s s u e s .  R e s u l t s  i n t h i s  p a p e r
1
i
i e s t a b l i s h  an e n d o g e n o u s  a s s o c a t i o n  o f  a w e l l  c h a r a c t e r i z e d
*
; and p u r i f i e d  c a l m o d u l i n  k i n a s e  w i t h  one o f  i t s  p u t a t i v e
j  s u b s t r a t e s ,  t u b u l i n .  The i s o l a t i o n  o f  t h i s  e n d o g e n o u s
!
I c o mp l e x  i m p l i c a t e s  t h i s  c a l m o d u l i n - d e p e n d e n t  p r o t e i n  k i n a s e
j
as  an i m p o r t a n t  m o d i f i e r  o f  t u b u l i n  and m i c r o t u b u l e -
a s s o c i a t e d  p r o t e i n s .
2 +
The Ca - c a l m o d u l i n - d e p e n d e n t  k i n a s e  p u r i f i e d  f r o m  r a t  
b r a i n  c y t o s o l  w h i c h  p h o s p h o r y I a t e s  t u b u l i n  and m i c r o t u b u l e  
a s s o c i a t e d  p r o t e i n s  as  m a j o r  s u b s t r a t e s  ( G o l d e n r i n g ,  e t  a l . ,  
1 9 8 2 ;  1 9 8 3 a )  has a u n i q u e  g r o u p  o f  c h a r a c t e r i s t i c  p r o p e r t i e s
l
wh i c h  p r o v i d e  a s e t  o f  s p e c i f i c  " s i g n a t u r e s "  f o r  t h i s  enzyme  
s y s t e m .  U s i n g  t h e s e  s i g n a t u r e s ,  we have  c h a r a c t e r i z e d  t h e  
c a l m o d u l i n  k i n a s e  a c t i v i t y  i s o l a t e d  i n a s s o c i a t i o n  w i t h  
t u b u l i n  and f o u n d  i t  t o  be i d e n t i c a l  t o  t h e  p u r i f i e d  k i n a s e .  
I d e n t i t y  was d e m o n s t r a t e d  by s e v e r a l  c r i t e r i a .  F i r s t ,  t h e  
k i n a s e  i n c o mp l e x  w i t h  t u b u l i n  d i s p l a y s  i d e n t i c a l  p h y s i c a l  
c h a r a c t e r i s t i c s  when c o mp a r e d  w i t h  p u r i f i e d  k i n a s e .  B o t h  
a u t o p h o s p h o r y l a t i o n  and c a l m o d u l i n  b i n d i n g  p r o p e r t i e s  o f  t h e  
c o mp l e x  d e m o n s t r a t e d  t wo  c a l m o d u l i n  b i n d i n g ,
a u t o p h o s p h o r y I a t i n g  p r o t e i n s  w i t h  a p p a r e n t  m o l e c u l a r  w e i g h t s
and i s o e l e c t r i c  p o i n t s  i d e n t i c a l  t o  t h o s e  o f  t h e  r h o  and
s i gma s u b u n i t s  o f  t h e  p u r i f i e d  k i n a s e .  I n  a d d i t i o n ,  h i g h
r e s o l u t i o n  one d i m e n s i o n a l  SDS- PAGE o f  t h e  t u b u I i n - t u b u I i n
k i n a s e  c o mp l e x  r e v e a l e d  t h e  p r e s e n c e  o f  a l l  f o u r  c a l m o d u l i n
b i n d i n g  s u b u n i t s  ( r h o  , r h o  , s i qma  , and s i gma ) o f  t h e
1 2  *  1 ‘ 2 
p u r i f i e d  t u b u l i n  k i n a s e .  S e c o n d ,  i s o l a t i o n  o f  p r o t e i n  bands
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f r o m t h e  t u b u I i n -  + ubuI  I n  k i n a s e  c o m p l e x  r e s o l v e d  on h i g h  
r e s o l u t i o n  o n e - d i m e n s i o n a l  SDS- PAGE showed t h a t  a l l  f o u r  
c a l m o d u l i n  b i n d i n g  b a n d s  i n  t h e  c o m p l e x  we r e  i d e n t i c a l  t o  t h e  
f o u r  s u b u n i t s  o f  t h e  p u r i f i e d  enz y me  by p e p t i d e  m a p p i n g .  
T h i r d ,  t h e  t u b u I  i n - t u b u I i n  k i n a s e  c o m p l e x  d e m o n s t r a t e d  
i d e n t i c a l  f u n c t i o n a l  c h a r a c t e r i s t i c  t o  t h e  p u r i f i e d  k i n a s e  
r e c o n s t i t u t e d  w i t h  p u r i f i e d  t u b u l i n .  The t wo s y s t e m s  showed  
i d e n t i c a l  k i n e t i c  p r o p e r t i e s .  F u r t h e r m o r e ,  l i k e  t h e  
r e c o n s t i t u t e d  s y s t e m p r e v i o u s l y  r e p o r t e d  ( G o l d e n r i n g ,  e t  a l ,  
1 9 8 3 a ) ,  t h e  t u b u I i n - t u b u I i n  k i n a s e  c o mp l e x  p h o s p h o r y I a t e d  
b e t a  t u b u l i n  on b o t h  s e r i n e  and t h r e o n i n e  and a l p h a  t u b u l i n  
o n l y  on s e r i n e  r e s i d u e s .  T h u s ,  mos t  i m p o r t a n t l y ,  t h e  k i n a s e  
c o mp l e x e d  w i t h  t u b u l i n  f u n c t i o n e d  i n  an a n a l o g o u s  ma n n e r  t o  
t h e  p u r i f i e d  k i n a s e  r e c o n s t i t u t e d  w i t h  p h o s p h o c e I I u I o s e -  
p u r i f i e d  s u b s t r a t e  t u b u l i n .
2 +
T u b u l i n  i s  a m a j o r  e n d o g e n o u s  s u b s t r a t e  f o r  Ca -
c a l m o d u l i n  k i n a s e  a c t i v i t y  i n b r a i n  c y t o p l a s m  ( B u r k e  and
D e L o r e n z o ,  1 9 8 2 a ) ,  s y n a p t o p l a s m  ( B u r k e  and D e l o r e n z o ,  1 9 8 1 ) ,
and s y n a p t i c  v e s i c l e  ( B u r k e  and D e L o r e n z o ,  1 9 8 2 b )  f r a c t i o n s .
2+
The a s s o c i a t i o n  o f  Ca - c a l m o d u l i n  t u b u l i n  k i n a s e  w i t h
t u b u l i n  i n t h e  f o r m o f  a c o m p l e x  s u p p o r t s  t h e  h y p o t h e s i s  t h a t
t h i s  k i n a s e  s y s t e m may r e g u l a t e  some o f  t h e  p h y s i o I o q i c a  I 
2 +
e f f e c t s  o f  Ca on t u b u l i n  and m i c r o t u b u l e  f u n c t i o n  ( B u r k e  
and D e l o r e n z o ,  1 9 8 1 ;  D e L o r e n z o ,  e t  a l . ,  1 9 8 2 ) .  The  
i n t e r a c t i o n  o f  a number  o f  " m i c r o t u b u l e  a s o c i a t e d  p r o t e i n s "  
w i t h  t u b u l i n  r e g u l a t e s  t h e  f o r m a t i o n  o f  m i c r o t u b u l e s  ( H e r z o g  
and We b e r ,  1 9 7 8 ) .  I n d e e d ,  h i g h  m o l e c u l a r  w e i g h t  c o m p l e x e s  o f
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t u b u l i n  and  m i c r o t u b u l e  a s s o c i a t e d  p r o t e i n s  o f  s i m i l a r  o r
g r e a t e r  s i z e  t o  t h e  c o m p l e x  i s o l a t e d  h e r e  have been
i m p l i c a t e d  as  c r i t i c a l  s t r u c t u r e s  f o r  t h e  i n i t i a t i o n  o f
m i c r o t u b u l e  p o l y m e r i z a t i o n  ( W e i n g a r t e n ,  e t  a l . ,  1 9 7 4 ;  1 9 7 5 ) .
Our  o b s e r v e d  r a t i o  o f  a p p r o x i m a t e l y  10 t o  one f o r  TACK t o
t u b u l i n  i s  c o n s i s t e n t  w i t h  r a t i o s  r e p o r t e d  f o r  o t h e r
m i c r o t u b u l e  a s s o c i a t e d  p r o t e i n s  ( S a n d o v a l  and V a n d e k e r c k h o v e ,
1 9 8 1 ) .  F u r t h e r m o r e ,  a r e c e n t  r e p o r t  s u g g e s t  t h a t
" m i c r o p o I y m e r i z a t i o n "  s t a t e s  f o r  t u b u l i n  may be i n v o l v e d  i n
t u b u l i n  membr ane i n t e r a c t i o n s  ( B e r n i e r - V a I e n t i n , e t  a l . ,
1 9 8 3 ) .  MAP - 2 ,  t h e  h i g h  m o l e c u l a r  w e i g h t  m i c r o t u b u l e
a s s o c i a t e d  p h o s p h o p r o t e i n , i s  n e c e s s a r y  f o r  m i c r o t u b u l e
p o l y m e r i z a t i o n  ( S a n d o v a l  and  V a n d e k e r c k h o v e ,  1 9 8 1 ) .
P h o s p h o r y l a t i o n  o f  MAP- 2 by i s o l a t e d  k i n a s e s  has been
i m p l i c a t e d  i n t h e  r e g u l a t i o n  o f  m i c r o t u b u l e  a s s e m b l y
( J a me s o n ,  e t  a l . ,  1 9 8 0 ;  Ya ma u c h i  and F u j i s a w a ,  1 9 8 2 ;
Yamamot o,  e t  a l ,  1 9 8 3 ) .  MAP- 2  i s  a m a j o r  s u b s t r a t e  f o r  t h e
p u r i f i e d  t u b u l i n  a s s o c i a t e d  c a l m o d u l i n  d e p e n d e n t  k i n a s e
( G o l d e n r i n g ,  e t  a l . ,  1 9 8 2 ;  1 9 8 3 a )  and t h u s  t h e
p h o s p h o r y l a t i o n  o f  MAP- 2 by t h i s  k i n a s e  may m o d u l a t e  some o f
2 +
t h e  e f f e c t s  o f  Ca on t h e  s t a t e  o f  m i c r o t u b u l e  a s s e m b l y .  We
h ave  a l s o  r e c e n t l y  f o u n d  t h a t  c o l d - s t a b l e  and c o l d - l a b i l e
1
m i c r o t u b u l e  p r e p a r a t i o n s  c o n t a i n  TACK.  F u r t h e r m o r e ,  t h e  
s u b u n i t s  o f  TACK r e p r e s e n t  t h e  o n l y  d e t e c t a b l e  c a l m o d u l i n  
b i n d i n g  p r o t e i n s  p r e s e n t  i n  c o l d  l a b i l e  m i c r o t u b u l e
p r e p a r a t i o n s .  TACK has r e c e n t l y  been i d e n t i f i e d  as t h e  m a j o r
p r o t e i n  c o mp o n e n t  o f  i s o l a t e d  p o s t s y n a p t i c  d e n s i t i e s
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( G o l d e n r i n g ,  e+  a l . ,  1 9 8 4 ) ,  f u r t h e r  i m p l i c a t i n g  t h i s  enzyme
i n  t h e  r e g u l a t i o n  o f  n e u r o n a l  c y t o s k e l e t a l  c o m p o n e n t s .  The
a s s o c i a t i o n  w i t h  t u b u l i n  o f  a c a l m o d u l i n  d e p e n d e n t  k i n a s e
wh i c h  can p h o s p h o r y I  a t e  t u b u l i n  and m i c r o t u b u l e - a s s o c i a t e d
2+
p r o t e i n s  s u g g e s t s  a p o s s i b l e  me chan i s m f o r  Ca - c a l m o d u l i n  
m e d i a t e d  r e g u l a t i o n  o f  m i c r o t u b u l e s  and t u b u l i n  d y n a mi c s  in 
ce I I u I a r  f u n c t  i o n .
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CHAPTER 5
CALC I UM- CALMODULI N DEPENDENT KI NASE 
A C T I V I T Y  IN MI CROTUBULE PREPARATIONS
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M i c r o t u b u l e s  have  b e e n  i m p l i c a t e d  i n  s e v e r a l  d y n a mi c  
i n t r a c e I  I u I a r  p r o c e s s e s  i n c l u d i n g  m i t o s i s ,  n e u r o p l a s m i c  
t r a n s p o r t ,  s e c r e t i o n  and m o t i l i t y .  T h e r e f o r e ,  t h e  e n d o g e n o u s  
f a c t o r s  t h a t  r a p i d l y  m o d u l a t e  m i c r o t u b u l e  f u n c t i o n  a r e  o f  
c o n s i d e r a b l e  i n t e r e s t .  S u c c e s s f u l  r e p o l y m e r i z a t i o n  o f  t u b u l i n  
i n v i t r o  was i n i t i a l l y  a c h i e v e d  i n  b u f f e r  c o n t a i n i n g  
s u f f i c i e n t  EGTA t o  c h e l a t e  f r e e  c a l c i u m  i o n s  (V/e i s e n b e r g , 
1 9 7 2 ) ,  s u g g e s t i n g  t h a t  c a l c i u m  r e d u c e s  m i c r o t u b u l e  s t a b i l i t y .  
M i c r o t u b u l e  r e a s s e m b l y  i n c r u d e  b r a i n  e x t r a c t s  was i n h i b i t e d  
by p h y s i o l o g i c a l  c o n c e n t r a t i o n s  o f  c a l c i u m  i o n s ,  w h e r e a s  
m i l l i m o l a r  a mo u n t s  we r e  r e q u i r e d  i n m u l t i p l y - c y c l e d  
m i c r o t u b u l e  p r e p a r a t i o n s  ( N i s h i d a  and S a k a i ,  1 9 7 7 ) .  H o w e v e r ,  
m i c r o m o l a r  a mo u n t s  o f  c a l c i u m  i n d u c e  m i c r o t u b u l e  
d e p o l y m e r i z a t i o n  i n  m u l t i p l y - c y c l e d  p r e p a r a t i o n s  when t h e  
c a l c i u m  b i n d i n g  p r o t e i n ,  c a l m o d u l i n ,  i s  p r e s e n t  ( Mar cum e t  
a l . ,  1 9 7 8 ;  N i s h i d a  e t  a l . ,  1 9 7 9 ) .  M i c r o t u b u l e s  c o n t a i n  
c a l m o d u l i n - b i n d i n g  p r o t e i n s  ( S o b u e  e t  a l . ,  1 9 8 1 ) ,  and  
c a l m o d u l i n  has been shown t o  l o c a l i z e  on s p e c i f i c  p o p u l a t i o n s  
o f  m i c r o t u b u l e s  (Wood e t  a l . ,  1 9 8 0 ) .  M o r e o v e r ,  c a l c i u m  
i n d u c e s  m i c r o t u b u l e  d i s a s s e m b l y  i n c u l t u r e d  c e l l s  i n a 
c a l m o d u l i n - d e p e n d e n t  ma nn e r  ( S c h l i w a ,  1 9 8 0 ;  K e i t h  e t  a l ,  
1 9 8 3 ) .  T h e s e  r e s u l t s  i n d i c a t e  t h a t  c a l m o d u l i n - r e g u l a t e d  
enzyme s y s t e ms  a r e  a s s o c i a t e d  w i t h  m i c r o t u b u l e s  and may p l a y  
a r o l e  in c o n t r o l l i n g  m i c r o t u b u l e  d y n a m i c s  i n t r a c e I  I u I  a r I y .
A ca I c i u m - c a I m o d u I i n  k i n a s e  s y s t e m t h a t  p h o s p h o r y I  a t e s
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t u b u l i n  and m i c r o t u b u l e - a s s o c I a t e d  p r o t e i n s  as m a j o r  
s u b s t r a t e s  has b een  i d e n t i f i e d  i n  b r a i n  c y t o p l a s m  ( B u r k e  and  
D e L o r e n z o ,  1 9 8 1 ) ,  s y n a p t i c  v e s i c l e  ( B u r k e  and D e L o r e n z o ,
1 9 8 2 b )  and  s y n a p t o s o m a l  f r a c t i o n s  ( B u r k e  and D e L o r e n z o ,
1 9 8 2 a ) .  T h i s  k i n a s e  has r e c e n t l y  been i s o l a t e d  f r o m b r a i n  
c y t o s o l  and  p u r i f i e d  t o  a p p a r e n t  h o m o g e n e i t y  ( G o l d e n r i n g  e t  
a l ,  1 9 8 2 ;  1 9 8 3 ) .  I t  has been  s u g g e s t e d  t h a t  t h i s  c a l c i u m -  
c a l m o d u l i n  k i n a s e  s y s t e m r e g u l a t e s  some o f  t h e  e f f e c t s  o f  
c a l c i u m  on c y t o s k e l e t a l  and m i c r o t u b u l e  f u n c t i o n  ( D e L o r e n z o ,  
1 9 8 2 ;  D e L o r e n z o  e t  a l . ,  1 9 8 2 ) .  T h i s  h y p o t h e s i s  i s  s u p p o r t e d  
by t h e  o b s e r v a t i o n  t h a t  a d d i t i o n  o f  e x o g e n o u s  c a l c i u m -  
c a l m o d u l i n  k i n a s e  w h i c h  p h o s p h o r y I a t e s  t u b u l i n  and MAP- 2 t o  
m i c r o t u b u l e  p r e p a r a t i o n s  r a p i d l y  d i s a s s e m b l e s  m i c r o t u b u l e s  
( Y a ma u c h i  and  F u j i s a w a ,  1 9 8 3 ) .  F u r t h e r m o r e , c a I c  i urn and  
c a l m o d u l i n - d e p e n d e n t  p h o s p h o r y l a t i o n  o f  p u r i f i e d  MAP- 2  
i n h i b i t s  t h e  a b i l i t y  o f  MAP- 2  t o  s t i m u l a t e  m i c r o t u b u l e  
a s s e m b l y  ( Yamamot o  e t  a l . ,  1 9 8 3 ) .
I t  w o u l d  be i m p o r t a n t  t o  d e t e r m i n e  i f  c a I c i u m - c a I m o d u I i n  
k i n a s e  a c t i v i t y  i s  a s s o c i a t e d  w i t h  m i c r o t u b u l e  p r e p a r a t i o n s . 
Our  l a b o r a t o r y  has p r e v i o u s l y  e m p h a s i z e d  t h e  p o s t  mor t em  
l a b i l i t y  o f  t h e  k i n a s e  n e c e s s i t a t i n g  s t r i n g e n t  p r e p a r a t i o n  
c o n d i t i o n s  f o r  i s o l a t i o n  o f  a v i a b l e  enzyme f r o m  r a t  b r a i n  
c y t o s o l  ( B u r k e  and D e L o r e n z o ,  1 9 8 1 ;  G o l d e n r i n g  e t  a l . ,  1 9 8 3 ) .  
in t h e  p r e s e n t  c o m m u n i c a t i o n ,  we d e s c r i b e  a p r o c e d u r e  f o r  
p r e s e r v i n g  a c a l c i u m  and c a l m o d u l i n - d e p e n d e n t  k i n a s e  a c t i v i t y  
t h a t  p h o s p h o r y I a t e s  t u b u l i n  and m i c r o t u b u l e - a s s o c i a t e d  
p r o t e i n s  i n  m i c r o t u b u l e  p r e p a r a t i o n s .  The r e s u l t s  p r o v i d e  t h e
1 60
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
f i r s t  i d e n t i f i c a t i o n  o f  a c a l m o d u l i n  t a r g e t  enzyme s y s t e m in 
m i c r o t u b u l e  p r e p a r a t i o n s ,  and s u g g e s t  a r e g u l a t o r y  r o l e  f o r  
t h i s  enzyme s y s t e m i n m i c r o t u b u l e  f u n c t i o n .
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EXPERI MENTAL:  M a t e r i a l s :  F e ma l e  S p r a g u e - D a w I e y  r a t s  ( 1 5 0 - 2 0 0
32
gm) wer e  p u r c h a s e d  f r o m C h a r l e s  R i v e r .  Q f -  P3 - ATP ( 5 - 1 0  
C i / m m o l )  was o b t a i n e d  f r o m  New E n g l a n d  N u c l e a r .  M o l e c u l a r  
w e i g h t  s t a n d a r d s  we r e  o b t a i n e d  f r o m P h a r m a c i a  F i n e  C h e m i c a l s .  
C a l m o d u l i n  was p u r i f i e d  f r o m  c a l f - b r a i n  by c h r o m a t o g r a p h y  on 
D E A E - c e I  I u I o s e  ( L i n  e t  a l . ,  1 9 7 4 )  and A f f i g e I - f I u p h e n a z i n e  
( M a r s h a k  e t  a l . ,  1 9 8 1 ) .  D E A E - c e I  1u I o s e  ( D E - 5 2 )  was p u r c h a s e d  
f r o m What man and A f f i g e I - f I u p h e n a z i n e  r e s i n  was p u r c h a s e d  
f r o m B i o r a d .  T r i f l u o p e r a z i n e  was a g i f t  f r o m S m i t h ,  K l i n e  and  
F r e n c h .  A l l  o t h e r  c h e m i c a l s  used  i n  t h e  e x p e r i m e n t s  w e r e  
o b t a i n e d  f r o m  c o m m e r c i a l  s o u r c e s .
M e t h o d s :  M i c r o t u b u l e s  w e r e  p r e p a r e d  as  d e s c r i b e d  by
S h e l a n s k i  e t  a l .  ( 1 9 7 3 )  w i t h  m o d i f i c a t i o n s  t o  s t a b i l i z e
k i n a s e  a c t i v i t y .  R a t  b r a i n s  wer e  r a p i d l y  e x c i s e d  and
h o mo g e n i z e d  i n  l e s s  t h a n  15 sec  ( B u r k e  and D e L o r e n z o ,  1 9 8 1 )
i n i c e - c o l d  B u f f e r  A ( 1 0 0  mM MES,  1 mM EGTA, 0 . 5  mM MqCI  ,
2
0 . 3  mM PMSF,  pH 6 . 7 ,  2 m l / b r a i n ) .  The h o mo g e n a t e  was 
c e n t r i f u g e d  a t  1 0 0 , 0 0 0 x g  f o r  60 mi n a t  4 C.  The s u p e r n a t a n t  
was s u p p l e m e n t e d  w i t h  g l y c e r o l  and GTP t o  o b t a i n  f i n a l  
c o n c e n t r a t i o n s  o f  3 . 4  M and  1 mM, r e s p e c t i v e l y ,  and  
t r a n s f e r r e d  t o  a s h a k i n g  w a t e r  b a t h  f o r  20 mi n a t  37 C.  The  
i n c u b a t e d  m i x t u r e  was t h e n  c e n t r i f u g e d  a t  7 5 , 0 0 0 x g  f o r  25 mi n  
a t  37 C.  The r e s u l t a n t  m i c r o t u b u l e  p e l l e t  was g e n t l y  
r e s u s p e n d e d  i n B u f f e r  A ( 1 - 4  mg / ml )  p l a c e d  on i c e  f o r  20 m i n ,  
and c e n t r i f u g e d  a t  7 5 , 0 0 0 x g  f o r  25 mi n a t  4 C.  The  
s u p e r n a t a n t  was t h e n  p o l y m e r i z e d  a t  37 C,  c e n t r i f u g e d  and  
p l a c e d  on i c e  as d e s c r i b e d  a b o v e  t o  o b t a i n  t w i c e - c y c l e d
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m i c r o + u b u l e  p r o t e i n .  The e n t i r e  p r o c e d u r e  was r e p e a t e d  t o  
o b t a i n  t h r i c e - c y c l e d  m i c r o t u b u l e  p r o t e i n ,  w h i c h  was 
s u b s e q u e n t l y  used  i n  t h e  p h o s p h o r y l a t i o n  a s s a y s .  T o t a l  
p r e p a r a t i o n  t i m e  d i d  n o t  e x c e e d  6 . 5  h r .  T h r o u g h o u t  t h e  
e x p e r i m e n t a l  p r o t o c o l ,  t h e  f o r m a t i o n  o r  d e p o l y m e r i z a t i o n  o f  
m i c r o t u b u l e s  was m o n i t o r e d  by n e g a t i v e  s t a i n  e l e c t r o n  
m i c r o s c o p y  ( A t k i n s o n  e t  a l . ,  1 9 8 2 ) .  C a l c i u m  and
c a l m o d u l i n - d e p e n d e n t  k i n a s e  a c t i v i t y  a s s o c i a t e d  w i t h  
m i c r o t u b u l e  p r o t e i n  was a s s a y e d  as p r e v i o u s l y  d e s c r i b e d  
( G o l d e n r i n g  e t  a l . ,  1 9 8 3 ) ,  e x c e p t  t h a t  20 mM MES (pH 6 . 7 )  
r e p l a c e d  PI PES as t h e  b u f f e r .  U n l e s s  o t h e r w i s e  i n d i c a t e d ,  
s a mp l e s  wer e  i n c u b a t e d  f o r  1 min a t  37 C w i t h  7 uM ATP.  
M i c r o t u b u l e  p r o t e i n  was r e s o l v e d  by o n e - d i m e n s i o n a l  SDS 
p o l y a c r y l a m i d e  g e l  e l e c t r o p h o r e s i s  as  d e s c r i b e d  by L a e mml i  
( 1 9 7 0 ) ,  s t a i n e d  w i t h  C o o m a s s i e  b l u e ,  and  e x p o s e d  f o r  
a u t o r a d i o g r a p h y  on XAR-5  ( K o d a k )  f i l m .  T w o - d i m e n s i o n a l  g e l  
e l e c t r o p h o r e s i s  was p e r f o r m e d  by a m o d i f i c a t i o n  o f  t h e  me t hod  
o f  O ' F a r r e l l  ( 1 9 7 5 )  as  p r e v i o u s l y  d e s c r i b e d  ( B u r k e  and  
D e l o r e n z o ,  1 9 8 2 b ) .  P h o s p h o r y l a t i o n  o f  s p e c i f i c  s u b s t r a t e s  was 
a s s e s s e d  b o t h  by e x c i s i o n  o f  s p e c i f i c  b a nd s  f r o m  SDS-PAGE  
g e l s  and s c i n t i l l a t i o n  c o u n t i n g  ( B u r k e  and D e L o r e n z o ,  1 9 8 1 ) ,  
and by d e n s i t o m e t r i c  s c a n n i n g  o f  g e l s  and a u t o r a d i o g r a p h s  
( D e L o r e n z o  e t  a l . ,  1 9 7 7 ) .  P h o s p h o p e p t i d e  ma p p i n g  o f  
m i c r o t u b u l e  p r o t e i n  was p e r f o r m e d  by t h e  met hod  o f  A x e l r o d  
( 1 9 7 8 ) .  P h o s p h o a m i n o a c i d  a n a l y s i s  was p e r f o r m e d  by t h e  me t hod  
o f  H u n t e r  and S e f t o n  ( 1 9 8 0 ) .  P r o t e i n  was d e t e r m i n e d  by t h e  
met h od  o f  B r a d f o r d  ( 1 9 7 6 )  w i t h  b o v i n e  se r um a l b u m i n  as a
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‘ s t a n d a r d .
RESULTS AND DISCUSSION
j U s i n g  a p p r o p r i a t e  p r e p a r a t i o n  c o n d i t i o n s ,  c a l c i u m -
; c a l m o d u l i n  k i n a s e  a c t i v i t y  was o b s e r v e d  in  a s s o c i a t i o n  w i t h
m i c r o t u b u l e  p r e p a r a t i o n s .  F i g u r e  1 shows t h e  p r o t e i n  p a t t e r n
and a u t o r a d i o g r a p h  o f  m i c r o t u b u l e  p r o t e i n  t h a t  was i n c u b a t e d
u n d e r  s t a n d a r d  p h o s p h o r y l a t i o n  c o n d i t i o n s  and s u b s e q u e n t l y
r e s o l v e d  on o n e - d i m e n s i o n a l  SDS-PAGE.  In t h e  p r e s e n c e  o f
c a l c i u m  and c a l m o d u l i n ,  s p e c i f i c  i n c o r p o r a t i o n  o f  r a d i o a c t i v e
p h o s p h a t e  was o b s e r v e d  in  s e v e r a l  p r o t e i n s  w i t h  m a j o r  b ands
c o r r e s p o n d i n g  t o  m o l e c u l a r  w e i g h t s  o f  5 0 0 0 0 - 6 0 0 0 0  M , 7 5 0 0 0 -
r
8 0 0 0 0  M and 2 8 0 0 0 0  M ( F i g .  1 , l a n e  3 ) .  I n c l u s i o n  o f  10 uM 
r  r
t r i f l u o p e r a z i n e ,  a c a l m o d u l i n  i n h i b i t o r ,  i n  t h e  r e a c t i o n
t u b e s  b l o c k e d  c a l m o d u l i n  s t i m u l a t i o n  ( F i g .  1 , l a n e s  4 - 6 ) .  When
m i c r o t u b u l e s  w e r e  p r e p a r e d  w i t h o u t  a t t e m p t i n g  t o  p r e s e r v e
k i n a s e  a c t i v i t y  ( s e e  f i g u r e  l e g e n d ) ,  c a I c i u m - c a I m o d u I i n
' k i n a s e  a c t i v i t y  was n o t  s e e n  ( F i g .  1 , l a n e s  8 - 1 0 ) .  H o w e v e r ,
t h i s  p r e p a r a t i o n  d e m o n s t r a t e d  m a g n e s i u m - d e p e n d e n t ,  c a l c i u m -
i n h i b i t e d  and c y c l i c  A M P - s t i m u  I a t e d  i n c o r p o r a t i o n  o f
p h o s p h a t e  i n t o  m i c r o t u b u l e  p r o t e i n .  T h i s  r e s u l t  i s  c o n s i s t e n t
w i t h  t h e  p r e s e n c e  o f  a ma g n e s i u m and c y c l i c  A M P - r e g u l a t e d
k i n a s e  p r e v i o u s l y  d e s c r i b e d  in m i c r o t u b u l e  p r e p a r a t i o n s
( S o i f e r ,  19 7 5 )  and shown t o  be d i s t i n c t  f r o m  c a l c i u m -
c a l m o d u l i n  k i n a s e  i s o l a t e d  f r o m  b r a i n  c y t o s o l  ( B u r k e  and
D e L o r e n z o ,  1 9 8 1 ) .  The p o s t  mo r t e m l a b i l i t y  o f  b r a i n  c a l c i u m -
c a l m o d u l i n  p r o t e i n  k i n a s e s  i s  we I I - d o c u m e n t e d  ( D u n k l e y  and
R o b i n s o n ,  1 9 8 1 ;  J u s k e v i c h  e t  a l . ,  1 9 8 2 )  and u n d e r s c o r e s  t h e
164
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
FIGURE 1
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F i g u r e  1 P r o + e i n  p a t t e r n  ( l a n e  7 )  and a u t o r a d i o g r a p h  o f  
p h o s p h o r y I a t e d  m i c r o t u b u I e  p r o t e i n  r e s o l v e d  by o n e ­
d i m e n s i o n a l  SDS-PAGE.  M i c r o t u b u l e  p r o t e i n  p r e p a r e d  by met hods  
t o  p r e s e r v e  k i n a s e  a c t i v i t y  ( l a n e s  1 - 6 )  were  i n c u b a t e d  in  
b u f f e r  w i t h  o r  w i t h o u t  t h e  a d d i t i o n s  i n d i c a t e d  on t h e  f i g u r e :  
Magnesi um = Mg; c a l c i u m = C a ;  c a I m o d u I  i n  = CM ; t r i f I u o p e r a z i n e  = T F P . 
For  c o m p a r i s o n ,  l a n e s  8 - 1 0  show m i c r o t u b u l e  p r o t e i n  t h a t  was 
p r e p a r e d  by met ho ds  w h i c h  d i d  n o t  e m p l o y  r a p i d  b r a i n  e x c i s i o n  
and h o m o g e n i z a t i o n .  MAP- 2 ,  a I p h a - t u b u  I in (o<T) and b e t a -  
t u b u l i n  ( ^ T )  a r e  d e p i c t e d .
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i m p o r t a n c e  o f  r a p i d  b r a i n  e x c i s i o n  and h o m o g e n i z a t i o n  in  
o r d e r  t o  p r e s e r v e  enzyme a c t i v i t y  in m i c r o t u b u l e  
p r e p a r a t i o n s .
C a l c i u m —c a l m o d u l i n  p r o t e i n  k i n a s e  a c t i v i t y  in o n c e -
c y c l e d  m i c r o t u b u l e s  was e n r i c h e d  a p p r o x i m a t e l y  5—f o l d  o v e r
t h e  c y t o s o l i c  f r a c t i o n .  K i n a s e  a c t i v i t y  was g r a d u a l l y  l o s t  as
m i c r o t u b u l e s  we r e  p u t  t h r o u g h  a d d i t i o n a l  c y c l e s  o f
t e m p e r a t u r e - d e p e n d e n t  a s s e m b I y - d i s a s s e m b  I y . T h i s  r e s u l t  i s
c o n s i s t e n t  w i t h  r e p o r t s  t h a t  m u l t i p l y  c y c l e d  m i c r o t u b u l e s
g r a d u a l l y  l o s e  t h e i r  s e n s i t i v i t y  t o  t h e  d e p o I y m e r i z i n g
e f f e c t s  o f  c a l c i u m  c ompar ed  t o  c r u d e  b r a i n  e x t r a c t s  ( N i s h i d a
and S a k a i ,  1 9 7 7 ;  N i s h i d a  e t  a l . ,  1 9 7 9 ;  Marcum e t  a l . ,  1 9 7 8 ) .
S i n c e  t h e  p r e d o m i n a n t  p r o t e i n s  in m i c r o t u b u l e
p r e p a r a t i o n s  a r e  t u b u l i n  and M A P - 2 ,  t h e  p o s s i b i l i t y  t h a t  t h e y
we r e  t h e  m a j o r  p h o s p h o p r o t e i n s  o b s e r v e d  in  t h i s  s y s t e m  was
e x a m i n e d .  F i g u r e  2 shows t h e  a u t o r a d i o g r a p h  o f  m i c r o t u b u l e
p r o t e i n  t h a t  was p h o s p h o r y I a t e d  and s u b s e q u e n t l y  r e s o l v e d  on
t w o - d  i m e n s i o n a l  g e l  e l e c t r o p h o r e s i s .  The m a j o r i t y  o f  5 0 0 0 0 -
6 0 0 0 0  M p h o s p h o r y  I a t e d  p r o t e i n s  had p i ’ s o f  5 . 4  and 5 . 3  and  
r
c o - m i g r a t e d  w i t h  a l p h a  and b e t a  t u b u l i n ,  r e s p e c t i v e l y
( B e r k o w i t z  e t  a l . ,  1 9 7 7 ) .  T h e r e  w e r e  a l s o  p h o s p h o p r o t e i n s  in
t h i s  m o l e c u l a r  w e i g h t  r e g i o n  t h a t  had i s o e l e c t i c  p o i n t s  n e a r
n e u t r a l i t y ,  and  c o - m i g r a t e d  w i t h  t h e  a u t o p h o s p h o r y I a t e d
s u b u n i t s  o f  t h e  t u b u l i n  and MAP-2 p r o t e i n  k i n a s e  ( G o l d e n r i n g
e t  a l . ,  1 9 8 3 ) .  The 7 5 0 0 0 - 8 0 0 0 0  M p r o t e i n s  d i d  n o t  f o c u s  w e l l
r
u s i n g  t h i s  s y s t e m ,  s u g g e s t i n g  t h a t  t h e y  a r e  b a s i c  o r
i n s o l u b l e .  The  2 8 0 0 0 0  M p r o t e i n  had an i s o e l e c t r i c  p o i n t  o f
r
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F i g u r e  2 A u t o r a d i o g r a p h  o f  p h o s p h o r y  I a t e d  m i c r o t u b u l e  
p r o t e i n  r e s o l v e d  on t w o - d i m e n s i o n a l  i s o e l e c t r i c  f o c u s i n g / S D S -  
PAGE.
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a b o u t  5 . 2 ,  and c o - m i g r a t e d  w i t h  MAP-2 ( B e r k o w i t z  e t  a l . ,
1 9 7 7 ) .  F u r t h e r m o r e ,  p e p t i d e  m a p p i n g  s t u d i e s  o f  p h o s p h o r y I a t e d  
t u b u l i n  and MAP-2 i s o l a t e d  f r o m  t w o - d i m e n s i o n a l  g e l s  
i n d i c a t e d  t h a t  p h o s p h a t e  was i n c o r p o r a t e d  i n t o  s p e c i f i c  
p e p t i d e  f r a g m e n t s  o f  a I p h a - t u b u I  i n , b e t a - t u b u l i n  and MAP-2  
( d a t a  n o t  s h o w n ) .
U s i n g  t e c h n i q u e s  t h a t  have  been  d e s c r i b e d  p r e v i o u s l y  
( D e L o r e n z o  e t  a l . ,  1 9 7 7 ;  G o l d e n r i n g  e t  a l . ,  1 9 8 3 ) ,  p h o s p h a t e  
was shown t o  be a s s o c i a t e d  w i t h  p r o t e i n s  by p h o s p h o m o n o e s t e r  
l i n k a g e s  i n t o  s e r i n e  and t h r e o n i n e  r e s i d u e s  on b o t h  MAP-2 and  
t u b u l i n .  F i g u r e  3 shows t h a t  a I p h a - t u b u I i n  and MAP-2 were  
p h o s p h o r y I a t e d  p r e d o m i n a n t l y  on s e r i n e  r e s i d u e s ,  w h e r e a s  b e t a  
t u b u l i n  showed a l a r g e  p r o p o r t i o n  o f  p h o s p h o t h r e o n i n e . The  
p r e v i o u s l y  p u r i f i e d  c y t o s o l i c  t u b u l i n  and MAP-2 p r o t e i n  
k i n a s e  d e m o n s t r a t e d  t h e  same p h o s p h o a m i n o a c i d  p a t t e r n  f o r  
t h e s e  s u b s t r a t e s  ( G o l d e n r i n g  e t  a l . ,  1 9 8 3 ) ,  s u g g e s t i n g  t h a t  
t h i s  enzyme i s  p r e s e n t  i n  m i c r o t u b u l e  p r e p a r a t i o n s .
A s e r i e s  o f  e x p e r i m e n t s  was c o n d u c t e d  t o  d e t e r m i n e  t h e
t i m e  c o u r s e ,  ATP and c a l m o d u l i n  c o n c e n t r a t i o n s  t h a t  wer e
r e q u i r e d  f o r  h a l f - m a x i m a l  i n c o r p o r a t i o n  o f  p h o s p h a t e  i n t o
m i c r o t u b u l e  p r o t e i n .  C o n d i t i o n s  f o r  p h o s p h o r y l a t i o n  we r e  as
d e s c r i b e d  a bo v e  e x c e p t  t h a t  t h e  c o n c e n t r a t i o n s  o f  i n c l u d e d
ATP,  c a l m o d u l i n  o r  t h e  t i m e  o f  i n c u b a t i o n  wer e  v a r i e d .  The
m i c r o t u b u l e - a s s o c i a t e d  k i n a s e  p h o s p h o r y I a t e d  t u b u l i n  and MAP-
2 w i t h  s i m i l a r  a p p a r e n t  K * s o f  5 uM f o r  ATP and 20 nM f o r
m
c a l m o d u l i n .  In t h e  c a s e  o f  b o t h  s u b s t r a t e s ,  h a l f - m a x i m a l  
i n c o r p o r a t i o n  o f  p h o s p h a t e  o c c u r r e d  in l e s s  t h a n  one min
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FIGURE 3
A B
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F i g u r e  3 P h o s p h o a m i n o a c i d  a n a l y s i s  o f  p h o s p h o r y I a t e d  
s u b s t r a t e s .  M i c r o t u b u l e  p r o t e i n  was p h o s p h o r y l a t e d  and  
s u b s e q u e n t l y  r e s o l v e d  on t w o - d i m e n s i o n a l  g e l s .
P h o s p h o p r o t e i n s  c o - m i g r a t i n g  w i t h  a I p h a - t u b u I i n , b e t a - t u b u l i n  
and MAP-2 were  e x c i s e d  and a s s a y e d .  N i n h y d r i n  s t a i n i n g  o f  
p h o s p h o a m i n o a c i d  s t a n d a r d s  show t h a t  o n e - d i m e n s i o n a l  
c h r o m a t o g r a p h y  s e p a r a t e d  p h o s p h o s e r i n e  f r o m  p h o s p h o t h r e o n i n e  
( F i g .  3 A ) .  The r e l a t i v e  p r o p o r t i o n  o f  p h o s p h o s e r i n e  and  
p h o s p h o t h r e o n i n e  i n  t u b u l i n  and MAP-2 was q u a n t i t a t e d  by 
e x c i s i o n  and s c i n t i l l a t i o n  c o u n t i n g  o f  i s o l a t e d
( F i g .  3 B ) .  T y r o s i n e  p h o s p h o r y l a t i o n  was n o t  











p h o s p h o p r o t e  i ns 
o b s e r v e d  in  any
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u n d e r  s t a n d a r d  c o n d i t i o n s .  When m i c r o t u b u l e  p r o t e i n  was 
i n c u b a t e d  w i t h  m a x i m a l  c o n c e n t r a t i o n s  o f  ATP ( 8 0  uM) and  
c a l m o d u l i n  (5 uM) f o r  20 m i n ,  t h e  enzyme i n c o r p o r a t e d  
a p p r o x i m a t e l y  0 . 1  m o l e  p h o s p h a t e / m o l e  t u b u l i n  and 2 . 0  mol e  
p h o s p h a t e / m o l e  M A P - 2 .
T h e s e  s t u d i e s  d e m o n s t r a t e  t h a t  m i c r o t u b u l e  p r e p a r a t i o n s
c o n t a i n  e nd o g e n o u s  c a l c i u m  and c a l m o d u l i n - d e p e n d e n t  k i n a s e
a c t i v i t y  t h a t  r a p i d l y  p h o s p h o r y I a t e s  t u b u l i n ,  M A P - 2 ,  a 7 5 0 0 0 -
8 0 0 0 0  M p r o t e i n  and s e v e r a l  m i n o r  bands  a t  p h y s i o l o g i c a l  
r
c o n c e n t r a t i o n s  o f  ATP,  c a l c i u m  and c a l m o d u l i n .  More r e c e n t
s t u d i e s  in o u r  l a b o r a t o r y  have  d e m o n s t r a t e d  t h a t  t h e  m a j o r
c a l m o d u l i n - b i n d i n g  p r o t e i n s  in  m i c r o t u b u l e  p r e p a r a t i o n s
c o r r e s p o n d  t o  t h e  s u b u n i t s  o f  t h e  p u r i f i e d  c a l c i u m  and
c a l m o d u l i n - d e p e n d e n t  p r o t e i n  k i n a s e .  On t h e  b a s i s  o f
m o l e c u l a r  w e i g h t ,  i s o e l e c t r i c  p o i n t s ,  s u b s t r a t e  s p e c i f i c i t y ,
t i m e  c o u r s e ,  and a p p a r e n t  K * s  f o r  ATP and c a l m o d u l i n ,  we
m
s u g g e s t  t h a t  t h e  t u b u l i n  and MAP-2 c a l m o d u l i n  k i n a s e  
p r e v i o u s l y  i s o l a t e d  f r o m  b r a i n  c y t o s o l  i s  a l s o  e n d o g e n o u s  t o  
m i c r o t u b u l e  p r e p a r a t i o n s .  T h e s e  o b s e r v a t i o n s  s u p p o r t  t h e  
h y p o t h e s i s  t h a t  c a l m o d u l i n  p l a y s  an i m p o r t a n t  r o l e  in t h e  
r e g u l a t i o n  o f  m i c r o t u b u l e - m e d i a t e d  f u n c t i o n s  and f u r t h e r  
s u g g e s t  t h a t  t h e  c a l c i u m  and c a l m o d u l i n - d e p e n d e n t  
p h o s p h o r y l a t i o n  o f  c y t o s k e l e t a l  p r o t e i n s  may be a m a j o r  
e f f e c t o r  in  t h i s  p r o c e s s  ( D e L o r e n z o ,  1 9 8 2 ;  D e L o r e n z o  e t  a l . ,  
1 9 8 2 ) .  U s i n g  t h e  p r e p a r a t i o n  p r o c e d u r e s  d e s c r i b e d  h e r e i n ,  i t  
w i l l  be p o s s i b l e  t o  e x p l o r e  t h e  m o l e c u l a r  mech an i sms  
u n d e r l y i n g  c a l m o d u l i n  r e g u l a t i o n  o f  c y t o s k e l e t a l  f u n c t i o n .
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CHAPTER 6
I D E N T I F I C A T I O N  OF THE MAJOR POSTSYNAPTIC  
DENSITY PROTEIN AS HOMOLOGOUS WITH THE MAJOR CALMODULI N- BI NDI NG  
SUBUNIT OF A CALMODULIN DEPENDENT PROTEIN KINASE
T h i s  c h a p t e r  c h a p t e r  was p u b l i s h e d  as G o l d e n r i n g ,  J .  R . ,  
M c G u i r e ,  J .  S .  and D e L o r e n z o ,  R.  J .  ( 1 9 8 4 )  I d e n t i f i c a t i o n  o f  
t h e  m a j o r  p o s t s y n a p t i c  d e n s i t y  p r o t e i n  as homol ogo us  w i t h  t h e  
m a j o r  c a l m o d u l i n - b i n d i n g  s u b u n i t  o f  a c a l m o d u l i n - d e p e n d e n t  
k i n a s e .  J .  N e u r o c h e m . 4 2 , 1 0 7 7 - 1 0 8 4 .
I t  i s  r e p r o d u c e d  h e r e  by p e r m i s s i o n  o f  Raven P r e s s .
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S i n c e  t h e  o r i g i n a l  r e p o r t s  ( L i n ,  e t  a l . ,  1 9 7 4 ;  K a k l u c h i  
and Y a m a z a k i ,  1 9 7 0 )  o f  t h e  i n t e r a c t i o n  o f  t h e  h e a t - s t a b l e  
c a l c i u m  b i n d i n g  p r o t e i n ,  c a l m o d u l i n ,  w i t h  c y c l i c  n u c l e o t i d e  
p h o s p h o d i e s t e r a s e ,  a number  o f  g r o u p s  have d e t a i l e d  
c a l m o d u l i n - b i n d i n g  enzyme  s y s t e m s  ( C h e u n g ,  l y d U ) .  In t h e  
b r a i n ,  c a l m o d u l i n  p l a y s  a d y n a m i c  r o l e  in a c t i v a t i n g  b o t h  
p r o t e i n  k i n a s e  ( B u r k e  and D e L o r e n z o ,  1 9 8 1 ;  D e L o r e n z o ,  e t  a l . ,  
1 9 7 9 ;  D e L o r e n z o ,  1 9 8 2 ;  Endo and H i d a k a ,  1 9 8 0 ;  F u k u n a g a ,  e t  
a l . ,  1 9 8 3 ;  G o l d e n r i n g ,  e t  a l . ,  1 9 8 2 ,  1 9 8 3 ;  Kenn edy  and  
G r e e n g a r d ,  1 9 8 1 ;  Kuhn and L o v e n b e r g ,  1 9 8 2 ;  Yamauch i  and  
F u j i s a w a ,  19 7 9 )  and p h o s p h a t a s e  a c t i v i t i e s  ( S t e w a r t ,  e t  a l . ,  
1 9 8 2 ) .  S e v e r a l  i n v e s t i g a t o r s  h a v e  d e m o n s t r a t e d  t h e  t r a n s -  
s y n a p t i c  l o c a l i z a t i o n  o f  c a l m o d u l i n  ( H a l l ,  e t  a l . ,  1 9 8 0 ;
Wood,  e t  a l . ,  1 9 8 0 )  and c a l m o d u l i n  b i n d i n g  p r o t e i n s  ( C a r l i n ,  
e t  a l . ,  1 9 8 2 b ;  C a r l i n ,  e t  a l . ,  1 9 8 3 ;  Wood,  e t  a l . ,  1 9 8 0 ) .  
S i e k e v i t z  and h i s  c o w o r k e r s  have shown t h a t  s y n a p t i c  membrane  
and p o s t - s y n a p t i c  d e n s i t y  (PSD)  p r e p a r a t i o n s  c o n t a i n  
c a l m o d u l i n  d e p e n d e n t  p h o s p h o r y l a t i o n  a c t i v i t y  and s e v e r a l  
d i s t i n c t  c a l m o d u l i n - b i n d i n g  p r o t e i n s  ( C a r l i n ,  e t  a l . ,  1 9 8 2 b ;  
G r a b ,  e t  a l . ,  1 9 8 1 ) .  The d e t e r m i n a t i o n  o f  t h e  i d e n t i t y  and  
f u n c t i o n  o f  t h e s e  c a l m o d u l i n - b i n d i n g  p r o t e i n s  in PSD°s may 
p r o v i d e  i n s i g h t  i n t o  t h e  r o l e  o f  c a l c i u m  in r e g u l a t i n g  
n e u r o n a l  a c t i v i t y .  R e c e n t l y ,  C a r l i n ,  e t  a l .  ( 1 9 8 3 )  have  
i d e n t i f i e d  f o d r i n  as  t h e  i n t r i n i s i c  h i g h  m o l e c u l a r  w e i g h t  
c a l m o d u l i n  b i n d i n g  p r o t e i n  in c e r e b e l l a r  and c o r t i c a l  PSD
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p r e p a r a t i o n s .  The m a j o r  5 1 , 0 0 0  d a l t o n  p o s t s y n a p t i c  d e n s i t y  
p r o t e i n  ( mPSDp) ,  w h i c h  c o m p r i s e s  g r e a t e r  t h a n  50? o f  PSD 
p r o t e i n  ( K e l l y  and C o t ma n ,  1 9 7 8 ) ,  i s  t h e  p r e d o m i n a n t  
en d o g e n o u s  s u b s t r a t e  f o r  c a l m o d u l i n - d e p e n d e n t  p h o s p h o r y l a t i o n  
as w e l l  as  t h e  m a j o r  c a l m o d u l i n - b i n d i n g  p r o t e i n  in  PSD 
p r e p a r a t i o n s .  H o w e v e r ,  l i t t l e  i s  known c o n c e r n i n g  t h e  
i d e n t i t y  and f u n c t i o n  o f  t h i s  s y n a p t i c  p r o t e i n .
I n s i g h t  i n t o  t h e  i d e n t i t y  and p o s s i b l e  f u n c t i o n  o f  mPSDp
2 +
has been o b t a i n e d  f r o m  s t u d i e s  on a s p e c i f i c  Ca - c a l m o d u l i n  
d e p e n d e n t  p r o t e i n  k i n a s e  s y s t e m  i n  b r a i n  t h a t  p h o s p h o r y I a t e s  
t u b u l i n  and m i c r o t u b u I e - a s s o c i a t e d  p r o t e i n s  ( MAP * s )  as m a j o r  
s u b s t r a t e s  ( G o l d e n r i n g ,  e t  a l . ,  1 9 8 2 ;  1 9 8 3 ) .  T h i s  k i n a s e  
s y s t e m ,  l i k e  t h e  PSD p r e p a r a t i o n ,  d i s p l a y s  a m a j o r  
a u t o p h o s p h o r y I  a t i n g  and c a l m o d u l i n  b i n d i n g  p o l y p e p t i d e  o f  
a p p r o x i m a t e l y  5 2 , 0 0 0  d a l t o n s .  A p o s s i b l e  r e l a t i o n s h i p  
b e t w e e n  mPSDp and t h e  c a l m o d u l i n  b i n d i n g  s u b u n i t  o f  t h i s  
k i n a s e  i s  f u r t h e r  s u g g e s t e d  s i n c e  PSD p r e p a r a t i o n s  have been  
shown t o  c o n t a i n  t u b u l i n  ( C a r l i n ,  e t  a l ,  1 9 8 2 a ;  K e l l y  and  
C o t ma n ,  1 9 7 8 )  and t u b u l i n  k i n a s e  a c t i v i t y  ( M a h l e r ,  e t  a l . ,
1 9 8 2 ) .  T h i s  i n v e s t i g a t i o n  was i n i t i a t e d  t o  d e t e r m i n e  i f  t h e  
mPSDp i s  r e l a t e d  t o  t h e  m a j o r  c a l m o d u l i n - b i n d i n g  s u b u n i t  o f  
t h e  t u b u l i n  k i n a s e  s y s t e m .  The r e s u l t s  d e m o n s t r a t e  t h a t  
mPSDp m a n i f e s t s  many i d e n t i c a l  c h a r a c t e r i s t i c s  and  
s i g n i f i c a n t  homol ogy  w i t h  t h e  m a j o r  c a l m o d u l i n - b i n d i n g  
s u b u n i t  o f  t h e  p r e v i o u s l y  p u r i f i e d  c y t o s o l i c  t u b u l i n  
a s s o c i a t e d  c a l m o d u l i n  d e p e n d e n t  k i n a s e  (TACK)  s y s t e m  and t h a t  
t h e  PSD c o n t a i n s  f o r ms  o f  t h e  r h o  and s i gma s u b u n i t s  o f  TACK.
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T h e s e  f i n d i n g s  s u g g e s t  t h a t  t h e  mPSDp i s  a c a l m o d u l i n  b i n d i n g  
p r o t e i n  i n v o l v e d  in  k i n a s e  a c t i v i t y  in  t h e  PSD and t h a t  TACK 
may be r e p r e s e n t a t i v e  o f  a f a m i l y  o f  c y t o p l a s m i c  and membrane  
bound k i n a s e  s y s t e m s  r e s p o n s i b l e  f o r  t h e  r e g u l a t i o n  o f  a 
number  o f  c a l m o d u l i n -
d e p e n d e n t  k i n a s e  f u n c t i o n s  t r a n s - s y n a p t i c a I  I y . A p r e l i m i n a r y  
r e p o r t  o f  t h i s  wor k  has been p r e s e n t e d  ( D e L o r e n z o ,  e t  a l ,
1 9 8 3 )  .
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MATERIALS AND METHODS
32
Ma t e r  i a I s . P - A T P  ( 5 - 1 0  C i / m m o l )  was p u r c h a s e d  f r o m  New
E n g l a n d  N u c l e a r .  C a l m o d u l i n  was p u r i f i e d  t h r o u g h  DEAE
c e l l u l o s e  c h r o m a t o g r a p h y  ( L i n ,  e t  a l . ,  1 9 7 4 )  and A f f i g e l -
f l u p h e n a z i n e  ( B i o r a d )  a f f i n i t y  c h r o m a t o g r a p h y  ( M a r s h a k ,  e t
125
a l . ,  1 9 8 1 ) .  A m p h o l y t e s  we r e  p u r c h a s e d  f r o m B i o r a d .  I -
c a l m o d u l i n  p r o d u c e d  by Bo I t o n - H u n t e r  l a b e l l i n g  o f
f I u p h e n a z i n e - p u r i f i e d  c a l m o d u l i n  was t h e  g i f t  o f  D r .
F r e d e r i c k  G o r e l i c k ,  Y a l e  U.  S c h o o l  o f  M e d i c i n e .
Pur  i f  i c a t  i on o f  TACK. T u b u l i n  a s s o c i a t e d  c a l m o d u l i n -
d e p e n d e n t  k i n a s e  (TACK)  was p r e p a r e d  as  d e s c r i b e d  p r e v i o u s l y
( G o l d e n r i n g ,  e t  a l . ,  1 9 8 3 ) .  R a t  f o r e b r a i n  was q u i c k l y
r e mo v e d  and h o m o g e n i z e d  ( l e s s  t h a n  20 s e c o n d s )  in i c e  c o l d
100 mM P i p e s ,  pH 6 . 9 ,  10 mM EGT A , 10 mM EOT A , 0 . 3  mM PMSF ( 2
m l s / b r a i n ) .  The h o mo ge n a t e  was c e n t r i f u g e d  a t  1 0 0 , 0 0 0  x g t o
o b t a i n  " b r a i n  c y t o s o l " .  The b r a i n  c y t o s o l  was
c h r o m a t o g r a p h e d  on p h o s p h o c e I  I u I o s e  r e s i n  ( C e l l e x - P ,  B i o r a d )
w i t h  d i s c o n t i n u o u s  e l u t i o n  w i t h  150 mM NaCI  and 350  mM NaCI
w a s h e s .  The 350  mM NaCI  p h o p h o c e I  I u I o s e  e l u a t e  was d i l u t e d
t o  2 0 0  mM N a C I ,  made 2 mM CaCI  , and c h r o m a t o q r a p h e d  on
2
c a l m o d u l i n  a f f i n i t y  r e s i n  as  p r e v i o u s l y  d e s c r i b e d  
( G o l d e n r i n g ,  e t  a l . ,  1 9 8 3 ) ,  w i t h  e l u t i o n  o f  t h e  TACK a c t i v i t y  
w i t h  2mM EGTA.  The c a l m o d u l i n - a f f i n i t y - p u r i f i e d  enzyme was 
f u r t h e r  p u r i f i e d  t o  a p p a r e n t  h o m o g e n e i t y  on a 2 m e t e r  
F r a c t o g e l  TSK HW-55 co l umn w i t h  enzyme a c t i v i t y  e l u t i n g  as a 
s i n g l e  m a j o r  peak  ( G o l d e n r i n g ,  e t  a l ,  1 9 8 3 ) .  T h i s  f i n a l
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p r e p a r a t i o n  o f  TACK c o n t a i n e d  o n l y  t wo  C o o ma s s i e  b l u e
s t a i n i n g  s u b u n i t s  on SDS-PAGE w i t h  m o l e c u l a r  w e i g h t s  o f
5 2 , 0 0 0  and 6 3 , 0 0 0  d a l t o n s ,  d e s i g n a t e d  TACK s u b u n i t s  r h o  and
o
s i g m a ,  - r e s p e c t i v e l y  ( F i g .  1 ) .  TACK was s t o r e d  a t  - 2 0  C in 
t h e  p r e s e n c e  o f  0 . 5 M  s u c r o s e .
P r e p a r a t i o n  o f  PSD F r a c t i o n . PSD p r e p a r a t i o n s  we r e  made by 
t h e  me t hod  o f  K e l l y  and Cotman ( 1 9 7 7 )  w i t h  t h e  s o l e  
m o d i f i c a t i o n  t h a t  b r a i n s  we r e  e x c i s e d  and h o m o g e n i z e d  w i t h i n  
20  s e c o n d s  o f  s a c r i f i c e .  F o r  d e l a y e d  p o s t  mor t em s t u d i e s ,  
b r a i n s  wer e  h o m o g e n i z e d  2 min a f t e r  s a c r i f i c e .  The  p u r i t y  and 
h o m o g e n e i t y  o f  t h e  PSD p r e p a r a t i o n s  w e r e  s i m i l a r  t o  t h o s e  
r e p o r t e d  by K e l l y  and Cotman ( 1 9 7 7 ;  1 9 7 8 ) ,  as d e t e r m i n e d  by 
e l e c t r o n  m i c r o s c o p y  and enzyme m a r k e r  a c t i v i t i e s .
Assay  o f  P h o s p h o r y l a t i o n . P h o s p h o r y l a t i n g  a c t i v i t y  was  
a s s a y e d  u n d e r  s t a n d a r d  c o n d i t i o n s  as  p r e v i o u s l y  d e s c r i b e d
2+
( B u r k e  and D e L o r e n z o ,  1 9 8 1 ) .  The  c o n c e n t r a t i o n  o f  f r e e  Ca
2 +
i n  t h e  f i n a l  r e a c t i o n  m i x t u r e  was d e t e r m i n e d  w i t h  a Ca /EGTA
b u f f e r  s y s t e m  ( B u r k e  and D e L o r e n z o ,  1 9 8 1 ) .  The s t a n d a r d
2 +
c o n c e n t r a t i o n  o f  f r e e  Ca was 5 uM u n l e s s  o t h e r w i s e
s p e c i f i e d  and t h e  f i n a l  r e a c t i o n  v o l um e  was 100 u l .  T u b e s
o
we r e  i n c u b a t e d  f o r  1 m i n u t e  a t  37 C.  and we r e  t e r m i n a t e d  
w i t h  50 ul  o f  SDS s t o p  s o l u t i o n  f o r  o n e - d i m e n s i o n a l  
e l e c t r o p h o r e s i s  o r  w i t h  100 ul  o f  a u r e a  s t o p  s o l u t i o n  f o r  2 -  
d i m e n s i o n a l  g e l s  as  p r e v i o u s l y  d e s c r i b e d  ( B u r k e  and  
D e L o r e n z o ,  1 9 8 2 a ) .  O n e - d i m e n s i o n a l  and t w o - d i m e n s i o n a l  g e l s  
w e r e  s t a i n e d  w i t h  C o o ma s s i e  b l u e ,  d r i e d  u n d e r  vaccuum and  
e x p o s e d  on XAR-5  ( K o d a k )  f i l m  as  p r e v i o u s l y  r e p o r t e d  ( B u r k e
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and D e L o r e n z o ,  1 9 8 2 a ) .  In o u r  o r i g i n a l  r e p o r t  ( G o l d e n r i n g ,
e t  a l . ,  1 9 8 2 ) ,  we e s t i m a t e d  t h e  m o l e c u l a r  w e i g h t s  o f  t h e  TACK
a u t o p h o s p h o r y I  a t i n g  and
c a l m o d u l i n  b i n d i n g  bands t o  be a p p r o x i m a t e l y  5 5 , 0 0 0  and
6 5 , 0 0 0  d a l t o n s .  The  a c t u a l  m i g r a t i o n  o b s e r v e d  f o r  t h e s e  t wo
bands  in  r e l a t i o n  t o  m o l e c u l a r  w e i g h t  s t a n d a r d s
( P h o s p h o r y I  a s e  b ,  b o v i n e  serum a l b u m i n ,  o v a l b u m i n ,  c a r b o n i c
a n h y d r a s e ; P h a r m a c i a ) and a l p h a  and b e t a  t u b u l i n  i s  h i g h l y
d e p e n d e n t  on t h e  a c r y l a m i d e  c o n t e n t  o f  t h e  g e l  as w e l l  as t h e
a c r y I  a m i d e / b i s - a c r y I  ami de  r a t i o .  The f i g u r e s  we p r e s e n t  h e r e
a r e  f o r  m o l e c u l a r  w e i g h t s  d e t e r m i n e d  on 11 cm 8 . 5 ?
p o l y a c r y l a m i d e  g e l s  w i t h  an a e r y  1 a m i d e / b i s - a c r y I  ami de  r a t i o
o f  3 0 / 0 . 8 .  P h o s p h o a m i no  a c i d  a n a l y s i s  was p e r f o r m e d  as
p r e v i o u s l y  d e s c r i b e d  ( G o l d e n r i n g ,  e t  a l . ,  1 9 8 3 )  by a
m o d i f i c a t i o n  o f  t h e  t e c h n i q u e  o f  H u n t e r  and S e f t o n  ( 1 9 8 0 ) .
125
C a l m o d u l i n  B i n d i n g  in  D e n a t u r i n g  G e l s . l - c a l m o d u l i n
b i n d i n g  t o  p o l y p e p t i d e s  in  d e n a t u r i n g  g e l s  was a c c o m p l i s h e d
a c c o r d i n g  t o  t h e  me t ho d  o f  C a r l i n ,  e t  a l .  ( 1 9 8 2 b ) .  B r i e f l y ,
o n e - d i m e n s i o n a l  SDS-PAGE g e l s  w e r e  f i x e d  in 25?  i s o p r o p y l
a l c o h o l / 1 0 ?  a c e t i c  a c i d  f o r  12 h o u r s  f o l l o w e d  by r e n a t u r a t i o n
f o r  12 h o u r s  in 2 0 0  mM N a C I ,  2 mM CaCI  , 50 mM T r i s - H C I ,  pH
2
7 . 6  ( B u f f e r  A) o r  i n  B u f f e r  A w i t h  2 mM EGTA i n s t e a d  o f
CaCI  . G e l s  w e r e  t h e n  washed f o r  2 h r s  w i t h  B u f f e r  A 
2
c o n t a i n i n g  I mg / ml  b o v i n e  serum a l b u m i n  ( F r a c t i o n  V,  S i g m a ) .
6 125
The g e l s  wer e  o v e r l a y e d  w i t h  5 x 10 cpm o f  l - c a l m o d u l i n  
in B u f f e r  A f o r  12 h r s .  The g e l s  w e r e  f i n a l l y  washed f o r  36 
h r s  i n  m u l t i p l e  c h a n g e s  o f  B u f f e r  A,  s t a i n e d  w i t h  C o o ma s s i e
183
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
b l u e ,  d r i e d  u nd e r  vacuum and e x p o s e d  +o x - r a y  f i l m  ( Kodak  
X A R - 5 ) .  F o r  t w o - d i m e n s i o n a l  g e l s ,  t h e  same p r o t o c o l  was 
f o l l o w e d  e x c e p t  t h a t  t h e  b o t t o m  2 . 0  cm o f  t h e  s e c ond  
d i m e n s i o n  SDS-PAGE g e l  we r e  r e mov e d  i m m e d i a t e l y  f o l l o w i n g  
e l e c t r o p h o r e s i s  t o  e l i m i n a t e  a m p h o l y t e s  w h i c h  b i n d  
c a I m o d u I i  n.
T r y p t i c  P e p t i d e  M a p p i n g . P e p t i d e  m a p p i n g  t h r o u g h  t w o -  
d i m e n s i o n a l  t r y p t i c  p e p t i d e  d i g e s t  f i n g e r p r i n t s  was 
a c c o m p l i s h e d  by t h e  me t hod  o f  E l d e r ,  e t  a l  ( 1 9 7 7 ) .  For  
m a p p i n g ,  TACK s u b u n i t s  w e r e  c u t  f r o m  o n e - d i m e n s i o n a l  and t w o -  
d i m e n s i o n a l  g e l s  r u n  as  d e s c r i b e d  a b o v e .  A l p h a  and b e t a -  
t u b u l i n ,  mPSDp, and t h e  PSD- 63K p r o t e i n  we r e  c u t  f r o m  t w o -  
d i m e n s i o n a l  g e l s .  One m i l l i o n  cpm o f  d i g e s t e d  s a m p l e  wer e  
a p p l i e d  t o  c e l l u l o s e  t h i n  l a y e r  p l a t e s  ( M e r c k )  and r e s o l v e d  
i n  t w o - d i m e n s i o n a l  e l e c t r o p h o r e s i s / c h r o m a t o g r a p h y .  F o r  
c o m i g r a t i o n  s t u d i e s ,  e q u a l  a mount s  o f  e a c h  s a mp l e  we r e  m i xe d  
and t h e n  s u b j e c t e d  t o  a n a l y s i s .  D e v e l o p e d  p l a t e s  wer e  
e x p o s e d  t o  a u t o r a d i o g r a p h y  on XAR-5  ( K o d a k )  f i l m .
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RESULTS
PSD p r e p a r a t i o n s  have  been  shown t o  c o n t a i n  e n d o g e n o u s
t u b u l i n  k i n a s e  a c t i v i t y  w i t h  a l p h a  and  b e t a  t u b u l i n  as m a j o r
e n d o g e n o u s  s u b s t r a t e s  ( M a h l e r ,  e t  a l . ,  1 9 8 2 ) .  To s t u d y  PSD
a s s o c i a t e d  t u b u l i n  k i n a s e  a c t i v i t y ,  PSD p r o t e i n  was i n c u b a t e d
u n d e r  s t a n d a r d  p h o s p h o r y l a t i o n  c o n d i t i o n s  i n  t h e  p r e s e n c e  o r
a b s e n c e  o f  t u b u l i n .  The p h o s p h o r y l a t i o n  o f  t u b u l i n  was
q u a n t i t a t e d  by l i q u i d  s c i n t i l l a t i o n  c o u n t i n g  o f  p r o t e i n
s t a i n i n g  bands  c o r r e s p o n d i n g  t o  a l p h a  and b e t a  t u b u l i n
i so I a t e d  by t w o - d  i men s I  on a I g e l  e l e c t r o p h o r e s i s  ( T a b l e  I ) .
C a r l i n ,  e t  a l  ( 1 9 8 2 a )  have  shown t h a t  t h e  amount  o f  t u b u l i n
a s s o c i a t e d  w i t h  t h e  PSD v a r i e s  w i t h  t h e  p o s t  mor tem
p e r p a r a t i o n  t i m e .  T u b u l i n  in PSD f r a c t i o n s  p r e p a r e d  by r a p i d
and s l o w  s a c r i f i c e  t e c h n i q u e s  ( M e t h o d s ) ,  r e p r e s e n t e d
a p p r o x i m a t e l y  2% and 1 0 *  o f  t o t a l  p r o t e i n ,  r e s p e c t i v e l y .
T h e s e  r e s u l t s  c o n f i r m  t h e  f i n d i n g s  o f  C a r l i n ,  e t  a l .  ( 1 9 8 2 a ) ,
and i n d i c a t e  t h a t  t u b u l i n  i s  p r e s e n t  in  PSD p r e p a r a t i o n s .
T h i s  e n d o g e n o u s  PSD a s s o c i a t e d  t u b u l i n  in b o t h  t h e  r a p i d  and
d e l a y e d  PSD p r e p a r a t i o n s  s e r v e d  as an e x c e l l a n t  s u b s t r a t e  f o r
2 +
i n t r i n s i c  PSD Ca - c a l m o d u l i n  d e p e n d e n t  t u b u l i n  k i n a s e
a c t i v i t y  ( T a b l e  I ) .  F u r t h e r m o r e ,  e x o g e n o u s  t u b u l i n  a dd e d  t o
t h e  r e a c t i o n  m i x t u r e ,  a t s o  s e r v e d  as  a s u b s t r a t e  f o r  PSD 
2 +
Ca - c a l m o d u l i n  k i n a s e  a c t i v i t y  ( T a b l e  I ) .  T h e s e  f i n d i n g s
2 +
d e m o n s t r a t e  t h a t  PSD f r a c t i o n s  c o n t a i n  i n t r i n s i c  Ca
c a l m o d u l i n  t u b u l i n  k i n a s e  a c t i v i t y .
A t u b u l i n  a s s o c i a t e d  c a l m o d u l i n  k i n a s e  has been p u r i f i e d
2 +
and c h a r a c t e r i z e d ,  and r e p r e s e n t s  t h e  m a j o r  Ca - c a l m o d u l i n
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TABLE I
Table 1. Phosphorylation of endoqenous ani exogenous tubulin 
by intrinsic PSD kinase activity.











Endogenous & Exogenous tubulin 426 690 2,119




Endogenous & Exogenous tubulin 503 877 3,614
Tubulin 44 35 36
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TABLE I . PSD p r o t e i n  was i n c u b a t e d  u n d e r  s t a n d a r d
p h o s p h o r y l a t i o n  c o n d i t i o n s  w i t h  and w i t h o u t  e x o g e n o u s l y  added
'  2 +  2 +
t u b u l i n  ( 2 0  ug)  i n  t h e  p r e s e n c e  o r  a b s e n c e  o f  Mg , Ca , and 
c a l m o d u l i n  ( C a M ) .  The r e a c t i o n  was t e r m i n a t e d  a f t e r  1 min by 
a d d i t i o n  o f  an S D S - u r e a  s t o p  s o l u t i o n  and s a m p l e s  w e r e  s u b j e c t e d  
t o  t w o - d i m e n s i o n a l  e l e c t r o p h o r e s i s  and p r o t e i n  s t a i n i n g  
( M e t h o d s ) .  The p r o t e i n  s t a i n i n g  s p o t s  c o r r e s p o n d i n g  t o  a l p h a  
and b e t a  t u b u l i n  w e r e  e x c i s e d  f r o m  t h e  g e l  and  s u b j e c t e d  t o  
l i q u i d  s c i n t i l l a t i o n  c o u n t i n g  ( B u r k e  and D e L o r e n z o ,  1 9 8 2 a ) .  The  
p a t t e r n  o f  p h o s p h o r y l a t i o n  o f  a t y p i c a l  r a p i d  PSD p r e p a r a t i o n  i s  
shown i n  F i g u r e  3 .  R a p i d  and d e l a y e d  PSD p r e p a r a t i o n s  wer e  
p r e p a r e d  t o  c o mp a r e  t h e  e f f e c t  o f  p o s t  mor t em c h a n g e s  on t h e  
a mount  o f  t u b u l i n  i n  t h e  PSD f r a c t i o n s  as o r i g i n a l l y  d e s c r i b e d  
by C a r l i n ,  e t  a l .  ( 1 9 8 2 a ) .  T u b u l i n  was q u a n t i t a t e d  in  PSD 
p r e p a r a t i o n s  by d e n s i t o m e t r ?c s c a n n i n g  o f  C o o m a s s i e  b l u e  
s t a i n i n g  on h i g h  r e s o l u t i o n  g e l s ,  and t h e  a mo u n t  o f  t u b u l i n  was 
e x p r e s s e d  as p e r c e n t  o f  t h e  t o t a l  PSD p r o t e i n .  P h o s p h o r y l a t i o n  
o f  t u b u l i n  was e x p r e s s e d  as c p m / 3 0 0  ug PSD p r o t e i n .  The d a t a  
r e p r e s e n t  t h e  mean o f  5 d e t e r m i n a t i o n s  and t h e  l a r g e s t  S . E . M .  
w e r e  t  2 . 1  and ^ 1 6 0 ,  f o r  t u b u l i n  p r o t e i n  and t u b u l i n  
p h o s p h o r y l a t i o n ,  r e s p e c t i v e l y .
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k i n a s e  t h a t  p h o s p h o r y I a r t e s  t u b u l i n  in  r a t  b r a i n  c y t o s o l  
( G o l d e n r i n g ,  e t  a l . ,  1 9 8 3 ) .  S i n c e  t h i s  k i n a s e  d i s p l a y s  a 
u n i q u e  s e t  o f  " s i g n a t u r e s "  d i s t i n g u i s h i n g  i t  f r o m  o t h e r  
k i n a s e s ,  we e m p l o y e d  t h e s e  c r i t e r i a  t o  d e t e r m i n e  i f  t h i s  
k i n a s e  was s i m i l a r  t o  t h e  P SD -  bound t u b u l i n  k i n a s e  s y s t e m .  
The  t u b u l i n  a s s o c i a t e d  c a l m o d u l i n  k i n a s e  (TACK)  when 
r e c o n s t i t u t e d  w i t h  p u r i f i e d  t u b u l i n  p h o s p h o r y I a t e s  a l p h a  
t u b u l i n  o n l y  on s e r i n e  r e s i d u e s  and b e t a  t u b u l i n  on b o t h  
s e r i n e  ( 4 0 ? )  an d  t h r e o n i n e  ( 6 0 ? )  r e s i d u e s .  S i m i l a r l y ,  we 
f o u n d  t h a t  t h e  c a l m o d u l i n  k i n a s e  a c t i v i t y  i n  PSD p r e p a r a t i o n s  
p h o s p h o r y I  a t e d  a l p h a  t u b u l i n  m a i n l y  on s e r i n e  r e s i d u e s ,  w h i l e  
b e t a  t u b u l i n  was p h o s p h o r y I  a t e d  on b o t h  s e r i n e  ( 5 5 ? )  and 
t h r e o n i n e  ( 4 5 ? )  r e s i d u e s .  The  s u b s t a n t i a l  a mount  o f  
t h r e o n i n e  p h o s p h o r y l a t i o n  w h i c h  seems t o  be i n d i c a t i v e  o f  t h e  
a c t i o n  o f  TACK s u g g e s t e d  t h a t  a s i m i l a r  k i n a s e  s y s t e m  m i g h t  
e x i s t  i n  PSD p r e p a r a t i o n s .
TACK i s  composed o f  5 2 , 0 0 0  and 6 3 , 0 0 0  d a l t o n  c a l m o d u l i n  
b i n d i n g ,  a u t o p h o s p h o r y I  a t i n g  s u b u n i t s  ( G o l d e n r i n g ,  e t  a l . ,  
1 9 8 2 ;  G o l d e n r i n g ,  e t  a l . ,  1 9 8 3 ) ,  d e s i g n a t e d  r h o  and s i gma  
r e s p e c t i v e l y  ( F i g u r e  1 ) .  The  a u t o p h o s p h o r y l a t i o n  and  
c a l m o d u l i n  b i n d i n g  p r o p e r t i e s  o f  t h e  PSD p r e p a r a t i o n s  as  
i n i t i a l l y  d e s c r i b e d  by G r a b ,  e t  a l .  ( 1 9 8 1 ) ,  a r e  shown in 
F i g u r e  1 ,  and a r e  e s s e n t i a l l y  i d e n t i c a l  i n  t h e  5 0 , 0 0 0  t o
6 5 , 0 0 0  d a l t o n  r e g i o n  t o  t h e  a u t o p h o s p h o r y I a t i n g  and  
c a l m o d u l i n - b i n d i n g  p r o p e r t i e s  o f  t h e  r h o  and s i gma s u b u n i t s  
o f  TACK.  P r o t e i n  s t a i n i n g  p a t t e r n s  on o n e - d i m e n s i o n a l  SDS-  
PAGE r e v e a l e d  t h a t  t h e  mPSDp c o m i g r a t e d  a t  an e s s e n t i a l l y
188
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F i g u r e  1.  P r o t e i n  p a t t e r n s ,  a u t o r a d i o g r a p h s  f o r  p r o t e i n
125
p h o s p h o r y l a t i o n ,  and  a u t o r a d i o g r a p h s  f o r  l - c a l m o d u l i n
b i n d i n g  f r o m  one d i m e n s i o n a l  SDS-PAGE o f  TACK and PSD
f r a c t i o n s .  PSD ( 2 0  ug)  and TACK ( 1 0  ug)  p r o t e i n  was
s u b j e c t e d  t o  SDS-PAGE.  The r e s u l t a n t  g e l s  w e r e  f i x e d ,
125
r e n a t u r e d ,  p r o c e s s e d  f o r  l - c a l m o d u l i n  b i n d i n g ,  r e f i x e d ,  
s t a i n e d ,  and f i n a l l y  d r i e d  f o r  a u t o r a d i o g r a p h y  ( M e t h o d s ) .
The p r o t e i n  p a t t e r n s  shown we r e  f r o m  t h e  c o r r e s p o n d i n g  
c a l m o d u l i n  b i n d i n g  e x p e r i m e n t s .  F o r  p h o s p h o r y l a t i o n  
e x p e r i m e n t s ,  PSD ( 4 0  ug)  and TACK ( 1 0  ug)  p r o t e i n  was
2+
i n c u b a t e d  u n d e r  s t a n d a r d  c o n d i t i o n s  f o r  1 mi n  w i t h  Mg ( 4  
2 +
mM) and  Ca ( 50  uM) in  t h e  a b s e n c e  ( - )  o r  p r e s e n c e  (CaM)  o f  
c a l m o d u l i n  ( 5  u M ) , s u b j e c t e d  t o  SDS-PAGE,  p r o t e i n  s t a i n i n g ,  
and a u t o r a d i o g r a p h y  ( M e t h o d s ) .  The  p r o t e i n  s t a i n i n g ,  
p h o s p h o r y l a t i o n ,  and  c a l m o d u l i n  b i n d i n g  p a t t e r n s  o f  t h e  r h o  
s u b u n i t  o f  TACK and t h e  mPSDp o f  PSD1 s w e r e  a l l  f o u n d  t o  
c o m i g r a t e  on o n e - d i m e n s i o n a l  SDS-PAGE.  The  p o s i t i o n s  o f  t h e  
r h o  ( p  ) and s i gma ( ) s u b u n i t s  o f  TACK and mPSDp a r e
d e s i g n a t e d  by a r r o w s .  P u r i f e d  t u b u l i n  ( TU)  p r o t e i n  s t a i n i n g  
i s  shown a s  a m a r k e r  p r o t e i n  r e f e r e n c e .
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i d e n t i c a l  m o l e c u l a r  w e i g h t  t o  t h e  r h o  s u b u n i t  o f  t h e  TACK 
s y s t e m .  Bo t h  t h e  r h o  s u b u n i t  o f  TACK and t h e  mPSDp in PSD 
p r e p a r a t i o n s  a r e  m a j o r  s u b s t r a t e s  f o r  a u t o p h o s p h o r y l a t i o n  as  
w e l l  as  m a j o r  c a l m o d u l i n  b i n d i n g  p r o t e i n s  ( F i g u r e  1 ) .  T h u s ,  
t h e  mPSDp e x h i b i t s  e s s e n t i a l l y  i d e n t i c a l  p r o p e r t i e s  t o  t h e  
r h o  s u b u n i t  o f  TACK on o n e - d i m e n s i o n a l  SDS-PAGE.  In  
a d d i t i o n ,  t h e  PSD p r e p a r a t i o n  c o n t a i n s  a m i n o r  
a u t o p h o s p h o r y I  a t i n g  and c a l m o d u l i n - b i n d i n g  c o m p o n e n t  w i t h  
s i m i l a r  m o l e c u l a r  w e i g h t  t o  t h e  s i gma  s u b u n i t  o f  TACK ( F i g u r e  
1 ) .
T w o - d i m e n s i o n a l  p o l y a c r y l a m i d e  g e l  e l e c t r o p h o r e s i s  was 
e m p l o y e d  t o  compa r e  more d e f i n i t i v e l y  t h e  p r o t e i n  s t a i n i n g  
and c a l m o d u l i n  b i n d i n g  p r o p e r t i e s  o f  t h e  r h o  s u b u n i t  o f  TACK 
w i t h  mPSDp by b o t h  m o l e c u l a r  w e i g h t s  and i s o e l e c t r i c  p o i n t s .  
The m a j o r i t y  o f  C o o m a s s i e  b l u e  mPSDp s t a i n i n g  o b s e r v e d  on 
o n e - d i m e n s i o n a l  SDS-PAGE was f o u n d  t o  f o c u s  b e t w e e n  
i s o e l e c t r i c  p o i n t s  o f  6 . 7  and 7 . 2  ( F i g u r e  2 ) .  The  r ho  
s u b u n i t  o f  TACK f o c u s e d  as a 5 2 , 0 0 0  d a l t o n  p r o t e i n  b e t we e n  
i s o e l e c t r i c  p o i n t s  o f  6 . 7  and 7 . 2 ,  c o m i g r a t i n g  i d e n t i c a l l y  
w i t h  and m a n i f e s t i n g  t h e  same s t a i n i n g  p a t t e r n  on t w o -  
d i m e n s i o n a l  g e l s  as t h e  mPSDp.
The  c a l m o d u l i n  b i n d i n g  p a t t e r n  o f  PSD p r e p a r a t i o n s  on 2 -  
d i m e n s i o n a l  g e l s  d e m o n s t r a t e d  t h a t  t h e  c a l m o d u l i n  b i n d i n g  
a s s o c i a t e d  w i t h  t h e  mPSDp on o n e - d i m e n s i o n a l  g e l s  c o m i g r a t e d  
w i t h  t h e  mPSDp s t a i n i n g  w i t h  an i s o e l c t r i c  f o c u s i n g  p o i n t  
b e t w e e n  6 . 7  and 7 . 2  ( F i g u r e  2 ) .  No s i g n i f i c a n t  c a l m o d u l i n  
b i n d i n g  was o b s e r v e d  in  t h e  more b a s i c  r e g i o n s  o f  t h e  g e l s
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F i gure  2 .  P r o t e i n  s t a i n i n g  p a t t e r n  and l - c a l m o d u l i n
b i n d i n g  on i s o e l e c t r i c  f o c u s i n g  ( I E F )  t w o - d i m e n s i o n a l  g e l s
f o r  TACK an d  PSD p r e p a r a t i o n s .  TACK p r o t e i n  ( 1 0  ug)  was
s u b j e c t e d  t o  IEF t w o d i m e n s i o n a l  g e l  e l e c t r o p h o r e s i s  u n d e r
s t a n d a r d  c o n d i t i o n s  ( M e t h o d s ) .  PSD p r o t e i n  ( 2 9  ug)  was
s o l u b i l i z e d  in  IEF b u f f e r  in  t h e  p r e s e n c e  o f  0 . 5 ?  SDS and
s u b j e c t e d  t o  I EF  t w o - d i m e n s i o n a l  g e l  e l e c t r o p h o r e s i s .  The
r e s u l t a n t  t w o d i m e n s i o n a l  q e I s  f o r  TACK and PSD w e r e  f i x e d ,
125
r e n a t u r e d ,  p r o c e s s e d  f o r  l - c a l m o d u l i n  b i n d i n g ,  r e f i x e d ,
s t a i n e d ,  and  f i n a l l y  d r i e d  f o r  a u t o r a d i o g r a p h y  ( M e t h o d s ) .
The C o o m a s s i e  b l u e  s t a i n i n g  o f  t h e  d r i e d  g e l s  and t h e i r
c o r r e s p o n d i n g  a u t o r a d i o g r a p h s  f o r  TACK and PSD d e m o n s t r a t e
125
t h e  p r o t e i n  s t a i n i n g  and l - c a l m o d u l i n  b i n d i n g  p a t t e r n s  o f  
t h e  r h o  s u b u n i t  ( p  ) o f  TACK and t h e  mPSDp o f  t h e  PSD.  The  
p r o t e i n  s t a i n i n g  p a t t e r n  f o r  b o t h  r h o  and mPSDp c o m i g r a t e d  
i d e n t i c a l l y  w i t h  t h e i r  c o r r e s p o n d i n g  c a l m o d u l i n  b i n d i n g  
b a n d s .  In  a d d i t i o n ,  t h e  p r o t e i n  s t a i n i n g  and c a l m o d u l i n  
b i n d i n g  o f  r h o  c o m i g r a t e d  w i t h  t h e  c o r r e s p o n d i n g  p a t t e r n s  o f  
mPSDp,  m a n i f e s t i n g  an i s o e l e c t r i c  p o i n t  b e t w e e n  6 . 7  and 7 . 2 .  
The p r o t e i n  c o n c e n t r a t i o n s  s e l e c t e d  f o r  t h e  PSD and TACK 
p a t t e r n s  p r o v i d e d  a p p r o x i m a t e l y  7 ug o f  mPSDp and r h o  f o r  
c o m p a r i s o n .  H i g h e r  p r o t e i n  c o n c e n t r a t i o n s  o f  PSD r e s u l t e d  in 
t h e  r e s o l u t i o n  o f  m i n o r  p r o t e i n  c o m p o n e n t s  on t h e  g e l s ,  as  
w e l l  as b a s i c  c omp one nt s  in  t h e  5 0 , 0 0 0  d a l t o n  r a n g e .
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; a s s o c i a t e d  w i t h  t h e  m i n o r  c o m p o n e n t s  in  t h e  PSD f r a c t i o n s .
i
j C a l m o d u l i n  b i n d i n g  s t u d i e s  w i t h  TACK on 2 - d i m e n s i o n a l  g e l s
!I
* p r o d u c e d  a m a j o r  5 2 , 0 0 0  d a l t o n  band  t h a t  c o m i g r a t e d
I
| i d e n t i c a l l y  w i t h  t h e  p r o t e i n  s t a i n i n g  p a t t e r n  o f  t h e  r h o
■ s u b u n i t  o f  TACK and t h e  mPSDp ( F i q u r e  2 ) .
ii
) The  p a t t e r n  o f  a u t o p h o s p h o r y l a t i o n  o f  PSD° s  on t w o -
j
| d i m e n s i o n a l  g e l s  d e m o n s t r a t e d  t h a t  t h e  m a j o r i t y  o f
j a u t o p h o s p h o r y l a t i o n  a s s o c i a t e d  w i t h  t h e  mPSDp on o n e ­
d i m e n s i o n a l  g e l s  c o m i g r a t e d  w i t h  t h e  t h e  m a j o r  mPSDp p r o t e i n
i
j s t a i n i n g  band b e t w e e n  i s o e l e c t r i c  p o i n t s  o f  6 . 7  and 7 . 2
( F i g u r e  3 ) .  The p a t t e r n  o f  a u t o p h o s p h o r y l a t i o n  o f  TACK i s  
shown in  F i g u r e  3 .  The a u t o p h o s p h o r y l a t i o n  o f  t h e  r h o  
s u b u n i t  o f  TACK m i g r a t e d  as a m a j o r  5 2 , 0 0 0  d a l t o n  band w i t h  
an i s o e l e c t r i c  p o i n t  b e t we e n  6 . 7  and 7 . 2 ,  c o m i g r a t i n g  
i d e n t i c a l l y  w i t h  t h e  p r o t e i n  s t a i n i n g  and c a l m o d u l i n  b i n d i n g  
p a t t e r n s  o f  t h e  r h o  s u b u n i t  and o f  t h e  mPSDp.  ( F i g u r e  3 ) .  
T h u s ,  by a s e c o n d  c r i t e r i o n ,  i s o e l e c t r i c  f o c u s i n g ,  t h e  mPSDp 
and t h e  r h o  s u b u n i t  o f  TACK have  i d e n t i c a l  p a t t e r n s  o f  
p r o t e i n  s t a i n i n g ,  c a l m o d u l i n  b i n d i n g ,  and  
a u t o p h o s p h o r y l a t i o n .
The s i gma s u b u n i t  o f  TACK se e n  on o n e - d i m e n s i o n a l  SDS-  
PAGE was c o n s i s t e n t l y  o b s e r v e d  as  a m i n o r  p r o t e i n  s t a i n i n g  
and s i g n i f i c a n t  a u t o p h o s p h o r y I  a t i n g  band c o m i g r a t i n g  w i t h  an 
i s o e l e c t r i c  p o i n t  b e t w e e n  6 . 7  and 7 . 2  ( F i g u r e s  1 - 3 ) .  The
| s i gma  s u b u n i t  o f  TACK a l s o  e x h i b i t e d  m i n o r  c a l m o d u l i n  b i n d i n g
I p r o p e r t i e s  ( F i g u r e  2 ) .  The PSD f r a c t i o n  a l s o  c o n t a i n e d  a1
m i n o r  p r o t e i n  s t a i n i n g  band in  t h e  6 3 , 0 0 0  d a l t o n  r e g i o n  ( PS D -
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F i g u r e  A u t o r a d i o g r a p h s  o f  IEF t w o - d i m e n s i o n a l  g e l s  of
p h o s p h o r y I  a t e d  TACK and PSD p r e p a r a t i o n s .  The
a u t o r a d i o g r a p h s  r e p r e s e n t  t h e  p h o s p h o r y l a t i o n  p a t t e r n s  in  t h e  
2 + 2 +
p r e s e n c e  o f  Mg (4  mM) ,  Ca ( 5 0  u M ) , and c a l m o d u l i n  ( 5  u M ) .  
PSD and TACK p r o t e i n  was i n c u b a t e d  u n d e r  s t a n d a r d  c o n d i t i o n s  
f o r  1 min and s u b j e c t e d  t o  IEF t w o - d i m e n s i o n a l  g e l  
e l e c t r o p h o r e s i s  ( M e t h o d s ) .  The  p o s i t i o n s  o f  t h e  r h o  ( p  ) and  
s i gma  ( ) s u b u n i t s  o f  TACK,  mPSDp,  and e n d o g e n o u s  PSD a l p h a
( oc T ) and  b e t a  ( | 3  T )  t u b u l i n  a r e  d e s i g n a t e d  by a r r o w s .  The  
p r o t e i n  s t a i n i n g  p a t t e r n s  o f  r h o  and mPSDp c o m i g r a t e d  w i t h  
t h e i r  c o r r e s p o n d i n g  p h o s p h o r y l a t i o n  p a t t e r n s .
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63K)  w i t h  an I s o e l e c t r i c  p o i n t  b e t w e e n  6 . 7  and 7 . 2  on two  
d i m e n s i o n a l  g e l s .  T h i s  band a l s o  m a i n f e s t e d  s i g n i f i c a n t  
a u t o p h o s p h o r y l a t i o n  ( F i g u r e  3 )  and m i n o r  c a l m o d u l i n  b i n d i n g  
( F i g u r e  2 )  c o m i g r a t i n g  w i t h  t h e  s i g m a  c o m p o n e n t  o f  TACK.
T h u s ,  t h e  s i gma  s u b u n i t  o f  TACK and t h e  PSD- 63K p r o t e i n  
m a n i f e s t e d  i d e n t i c a l  p r o t e i n  s t a i n i n g ,  a u t o p h o s p h o r y l a t i o n ,  
and c a l m o d u l i n  b i n d i n g  p a t t e r n s  on t w o - d i m e n s i o n a l  g e l s .
In  o r d e r  t o  more  d e f i n i t i v e l y  e s t a b l i s h  t h e  r e l a t i o n s h i p  
b e t w e e n  mPSDp and t h e  r h o  s u b u n i t  o f  TACK,  t h e  p e p t i d e  
s t r u c t u r e  o f  t h e  p r o t e i n s  was c o m p a r e d .  T w o - d i m e n s i o n a l  
t r y p t i c  p e p t i d e  m a p p i n g  o f  mPSDp i s o l a t e d  f r o m  e i t h e r  o n e ­
d i m e n s i o n a l  o r  t w o - d i m e n s i o n a l  g e l s  d e m o n s t r a t e d  m a j o r  
homol ogy  w i t h  t h e  r h o  s u b u n i t  o f  TACK ( F i g u r e  4 ) .  Bo t h  t h e  
mPSDp and t h e  r h o  s u b u n i t  o f  TACK d i s p l a y e d  p e p t i d e  maps t h a t  
wer e  c l e a r l y  d i s t i n g u i s h a b l e  f r o m  b e t a - t u b u I i n , a m a j o r
5 0 , 0 0 0  d a l t o n  b r a i n  p r o t e i n  ( d a t a  n o t  s h o w n ) .  P e p t i d e  maps 
p r e p a r e d  by c o m i g r a t i n g  t h e  mPSDp and r h o  s u b u n i t  d i g e s t s  
r e v e a l e d  t h a t  t h e s e  p r o t e i n s  s h a r e d  29 m a j o r  c o m i g r a t i n g  
p e p t i d e s .  The mPSDp c o n t a i n e d  f o u r  v e r y  m i n o r  p e p t i d e s  n o t  
p r e s e n t  in t h e  r h o  p a t t e r n .  C o n v e r s e l y ,  t h e  r h o  p a t t e r n  
m a n i f e s t e d  o n l y  one  mi n o r  p e p t i d e  n o t  seen in  t h e  mPSDp map 
( F i g u r e  4 ) .  T h e s e  p e p t i d e  maps d e m o n s t r a t e  t h a t  t h e  r h o  
s u b u n i t  o f  TACK and mPSDp a r e  v e r y  homol ogous  p r o t e i n s  w i t h  
o n l y  m i n o r  d i f f e r e n c e s  t h a t  may be a s s o c i a t e d  w i t h  t h e  
membrane bound n a t u r e  o f  mPSDp.  The  s i gma s u b u n i t  o f  TACK 
was a l s o  f o u n d  t o  be homol ogous t o  t h e  PSD- 63K p r o t e i n  ba s e d  
on p e p t i d e  ma p p i n g  ( F i g u r e  4 ) .  B o t h  p r o t e i n s  d e m o n s t r a t e d
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F i g u r e  4 .  Compar ison o f  t w o - d i m e n s i o n a l  t r y p t i c  p e p t i d e  maps
o f  t h e  r h o  and s i gma s u b u n i t s  o f  TACK w i t h  mPSDp and PSD- 63K
6
p r o t e i n s .  Each s a m p l e  c o n t a i n e d  a p p r o x i m a t e l y  1 X 10 cpm and  
a u t o r a d i o g r a p h i c  e x p o s u r e s  r a n g e d  f r o m  1 t o  3 d a y s .  
E l e c t r o p h o r e s i s  was f r o m  l e f t  t o  r i g h t ,  and c h r o m a t o g r a p h y  
was f r o m  b o t t o m  t o  t o p .  The p e p t i d e  maps shown ( A ,  B,  D,  E)  
d i s p l a y  t h e  m a j o r  p e p t i d e  f r a g m e n t s  w h i l e  t h e  c o m p o s i t e s  
o b t a i n e d  f r o m  c o m i g r a t i o n  ( C ,  F)  d i s p l a y  b o t h  m a j o r  and m i n o r  
p e p t i d e  s p e c i e s .  The  p e p t i d e  p a t t e r n  f o r  t h e  r h o  s u b u n i t  o f  
TACK ( A )  was a l m o s t  i d e n t i c a l  t o  t h a t  o f  mPSDp ( B ) .  
C o m i g r a t i o n  o f  t h e  mPSDp and r h o  TACK d i g e s t s  ( C)  r e v e a l e d  29 
c o m i g r a t i n g  s p e c i e s  ( b l a c k  s p o t s ) .  The mPSDp c o n t a i n e d  o n l y  
f o u r  m i n o r  p e p t i d e s  a b s e n t  f r o m  t h e  r h o  TACK map ( h a t c h e d  
open c i r c l e s )  and r h o  TACK p o s s e s s e d  o n l y  one s p o t  n o t  
p r e s e n t  in mPSDp ( c l o s e d  open c i r c l e s ) .  The s i gma  s u b u n i t  o f  
TACK ( D ) and t h e  PSD- 63K p r o t e i n  ( E )  a l s o  d e m o n s t r a t e d  
s i g n i f i c a n t  h o m o l o g i e s .  C o m i g r a t i o n  o f  t h e  p e p t i d e  d i g e s t s  
( F )  showed t h a t  s i gma  TACK and P SD- 63K p o s s e s s e d  34 p e p t i d e  
f r a g m e n t s  in common ( b l a c k  s p o t s ) .  T h r e e  p e p t i d e  f r a g m e n t s  
w e r e  p r e s e n t  in  t h e  PSD- 63K map t h a t  w e r e  a b s e n t  in t h e  s i gma  
TACK map ( h a t c h e d  open c i r c l e s ) .  Two m i n o r  p e p t i d e s  wer e  
p r e s e n t  in  t h e  TACK maps t h a t  w e r e  n o t  p r e s e n t  in  t h e  PSD- 63K  
map ( c l o s e d  open c i r c l e s ) .  The p e p t i d e  maps o f  r h o ,  s i g m a ,  
mPSDp and PSD- 63K w e r e  a l l  c l e a r l y  d i s t i n g u i s h a b l e  f r o m  a l p h a  
and b e t a  t u b u l i n  ( d a t a  n o t  s h o w n ) .
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p e p t i d e  maps t h a t  w e r e  c l e a r l y  d i s t i n g u i s h a b l e  f r o m  a l p h a -  
t u b u l i n  ( d a t a  n o t  s h o w n ) .  T h e s e  p r o t e i n s  s h a r e d  34 p e p t i d e  
f r a g m e n t s  when s u b j e c t e d  t o  c o m i g r a t i o n  p e p t i d e  a n a l y s i s .
The s i gma  s u b u n i t  c o n t a i n e d  t wo m i n o r  p e p t i d e s  n o t  seen  in  
t h e  P SD- 63K map.  T h r e e  p e p t i d e s  w e r e  seen  in  t h e  PSD- 63K  
p r o t e i n  t h a t  d i d  n o t  a p p e a r  in  t h e  s i g ma  s u b u n i t  map.  T h e s e  
r e s u l t s  i n d i c a t e  t h a t  t h e  s i gma s u b u n i t  o f  TACK i s  homol ogous  
t o  t h e  PSD- 63K p r o t e i n .
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DISCUSSION
K e l l y  and Co+man ( 1 9 7 7 ;  1 9 7 8 )  h a v e  p r e v i o u s l y  r e p o r t e d  
t h a t  i s o l a t e d  PSD f r a c t i o n s  c o n t a i n e d  a m a j o r  5 2 , 0 0 0  d a l t o n  
p r o t e i n  w h i c h  a c c o u n t e d  f o r  more t h a n  50?  o f  i n t r i n s i c  PSD 
p r o t e i n .  T h i s  p r o t e i n  was d e m o n s t r a t e d  t o  be d i s t i n c t  f r o m  
b e t a - t u b u l i n  and n e u r o f i l a m e n t  p r o t e i n  on 2 - d i m e n s i o n a l  p e l  
e l e c t r o p h o r e s i s .  The mPSDp was l a t e r  shown t o  be b o t h  t h e  
m a j o r  s u b s t r a t e  f o r  e n d o g e n o u s  c a l m o d u l i n  d e p e n d e n t  
p h o s p h o r y l a t i o n  ( C a r l i n ,  e t  a l . ,  1 9 8 2 b )  and a l s o  t h e  m a j o r  
PSD c a l m o d u l i n  b i n d i n g  p r o t e i n  ( G r a b ,  e t  a l . ,  1 9 8 1 ) .  The  
d a t a  p r e s e n t e d  in  t h i s  r e p o r t  i n d i c a t e  t h a t  t h e  mPSDp i s  
h o mo l o g o u s  t o  t h e  m a j o r  c a l m o d u l i n  b i n d i n g  r h o  s u b u n i t  o f  
t u b u l i n  a s s o c i a t e d  c a l m o d u l i n - d e p e n d e n t  k i n a s e  ( T A C K ) ,  
s u g g e s t i n g  t h a t  mPSDp may be a c a l m o d u l i n  b i n d i n g  p r o t e i n  
i n v o l v e d  in  k i n a s e  a c t i v i t y  in  t h e  PSD.  S i g n i f i c a n t  homol ogy  
b e t w e e n  t h e  s i gma s u b u n i t  o f  TACK and t h e  PSD- 63K p r o t e i n  was  
a l s o  o b s e r v e d .  The m a r k e d  homol ogy  b e t w e e n  t h e s e  p r o t e i n s  
was e s t a b l i s h e d  by s e v e r a l  c r i t e r i a :  1)  c o m i g r a t i o n  on SDS-  
PAGE g e l s ;  2 )  c a l m o d u l i n  d e p e n d e n t  a u t o p h o s p h o r y l a t i o n ;  3 )  
c a l m o d u l i n  b i n d i n g  in  d e n a t u r i n g  g e l s ;  4 )  i s o e l e c t r i c  
f o c u s i n g  p o i n t s ;  5 )  a u t o p h o s p h o r y l a t i o n  and c a l m o d u l i n  
b i n d i n g  p a t t e r n s  on 2 - d i m e n s i o n a l  g e l s ;  6 )  2 - d i m e n s i o n a l  
t r y p t i c  p e p t i d e  d i g e s t s ;  and 7)  p h o s p h o a m i n o  a c i d  s p e c i f i c i t y  
o f  t u b u l i n  p h o s p h o r y l a t i o n .  M i n o r  d i f f e r e n c e s  in  t h e  p e p t i d e  
ma p p i n g  p a t t e r n s  o f  t h e  r h o  and s i gma  s u b u n i t s  o f  TACK and  
t h e i r  c o u n t e r p a r t s  in  t h e  PSD,  mPSDp and P S D - 6 3 K ,  may be due
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t o  s p e c i f i c  m o d i f i c a t i o n s  n e c e s s a r y  f o r  f i x a t i o n  o f  t h e s e
p r o t e i n s  in  a membrane bound f o r m .
P S D ° s  h a v e  been r e p o r t e d  t o  c o n t a i n  s i g n i f i c a n t  amount s
o f  b o t h  a l p h a  and b e t a  t u b u l i n  ( K e l l y  and C o t m a n ,  1 9 7 8 ) .
F u r t h e r m o r e ,  M a h l e r ,  e t  a l .  ( M a h l e r ,  e t  a l . ,  1 9 8 2 )  have shown
t h a t  e n d o g e n o u s  PSD t u b u l i n  i s  one o f  t h e  m a j o r  s u b s t r a t e s
2 +
f o r  i n t r i n s i c  PSD Ca - c a l m o d u l i n  d e p e n d e n t  k i n a s e  a c t i v i t y .
Ex o g e n o u s  t u b u l i n  added  t o  PSD p r e p a r a t i o n s  a l s o  s e r v e s  as an
2 +
e x c e l l a n t  s u b s t r a t e  f o r  e n d o g e n o u s  PSD Ca - c a l m o d u l i n
d e p e n d e n t  k i n a s e  a c t i v i t y  ( T a b l e  1 ) .  C a r l i n ,  e t  a l .  ( 1 9 8 2 a )
have  more r e c e n t l y  o b s e r v e d  t h a t  t h e  a m o u n t  o f  t u b u l i n  f o u n d
i n  a s s o c i a t i o n  w i t h  PSD p r e p a r a t i o n s  i s  a f u n c t i o n  o f  p o s t
mor t em d i s s e c t i o n  and p r e p a r a t i o n  t i m e ,  s u g g e s t i n g  t h a t
t u b u i i n  i s  p r o b a b l y  n o t  a m a j o r  s t r u c t u r a l  p r o t e i n  o f  t h e
PSD.  The r e s u l t s  i n  t h i s  p a p e r ,  u t i l i z i n g  r a p i d  s a c r i f i c e
and d i s s e c t i o n  t e c h n i q u e s  d e m o n s t r a t e d ,  i n  a g r e e m e n t  w i t h
C a r l i n ,  e t  a l .  ( 1 9 8 2 a ) ,  t h a t  t u b u l i n  r e p r e s e n t e d  l e s s  t h a n  2%
o f  C o o m a s s i e  b l u e  s t a i n e d  p r o t e i n s  in  r a p i d l y  p r e p a r e d  PSD
f r a c t i o n s .  H o w e v e r ,  t u b u l i n  c o n s i s t e n t l y  s e r v e d  as a
2 +
s u b s t r a t e  f o r  e n d o g e n o u s  Ca - c a l m o d u l i n  d e p e n d e n t  k i n a s e  in 
P S D ° s ,  e v e n  a t  l owe r  c o n c e n t r a t i o n s  ( T a b l e  I and F i g u r e  3 ) .  
The e x a c t  r e l a t i o n s h i p  o f  t u b u l i n  t o  PSD s t r u c t u r e  and  
f u n c t i o n  and t h e  p o s s i b l e  r o l e  o f  t u b u l i n  p h o s p h o r y l a t i o n  in  
t h e  PSD mu s t  s t i l l  be e l u c i d a t e d .  N e v e r t h e l e s s ,  c o n s i d e r i n g  
t h e  a p p a r e n t  h o m o l o g i e s  b e t w e e n  t h e  mPSDp and t h e  c a l m o d u l i n  
b i n d i n g  s u b u n i t  o f  a t u b u l i n  k i n a s e  s y s t e m ,  i t  i s  r e a s o n a b l e  
t o  s u g g e s t  t h a t  t u b u l i n  p h o s p h o r y l a t i o n  by e n d o g e n o u s  PSD
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k i n a s e  may p l a y  a r o l e  in  c a I c i u m - r e g u I a t e d  p o s + s y n a p + i c  
f u n c t i  on .
A number  o f  g r ou p s  have  r e p o r t e d  t h e  p u r i f i c a t i o n  o f
c a l m o d u l i n - d e p e n d e n t  k i n a s e s  c o n t a i n i n g  s u b u n i t s  o f
a p p r o x i m a t e l y  5 0 , 0 0 0  d a l t o n s ,  i n c l u d i n g  e n z y me s  wh i c h
p h o s p h o r y I  a t e  l i v e r  g l y c o g e n  s y n t h a s e  ( Ahmad,  e t  a l . ,  1 9 8 2 ) ,
b r a i n  m y o s i n  l i g h t  c h a i n s  ( F u k u n g a ,  e t  a l . ,  1 9 8 3 ) ,  and
P r o t e i n  I ( K e n n e d y  e t  a l . ,  1 9 8 2 ) .  C o m p a r i s o n  o f  t h e  m a j o r
c a l m o d u l i n - b i n d i n g  s u b u n i t  o f  TACK w i t h  g l y c o g e n  s y n t h a s e
k i n a s e  and b r a i n  myos i n  l i g h t  c h a i n  k i n a s e  i s  n o t  p o s s i b l e ,
s i n c e  c a l m o d u l i n  b i n d i n g  and i s o f o c u s i n g  d a t a  a r e  n o t
a v a i l a b l e .  H o w e v e r ,  K e n n e d y ,  e t  a l .  ( 1 9 8 2 )  have
r e c e n t l y  r e p o r t e d  t h a t  P r o t e i n  I k i n a s e  d o e s  n o t
p h o s p h o r y I  a t e  t u b u l i n .  C o n v e r s e l y ,  P r o t e i n  I i s  n o t  a
s i g n i f i c a n t  s u b s t r a t e  f o r  TACK ( G o l d e n r i n g ,  e t  a l . ,  1 9 8 3 b ) .
T h e s e  d a t a  i n d i c a t e  t h a t  t h e  P r o t e i n  I k i n a s e  i s  d i f f e r e n t
f r o m  TACK,  a l t h o u g h  s p e c i f i c  h o m o l o g i e s  can  n o t  be r u l e d  o u t .
I t  i s  c l e a r  f r o m  t h e  wor k  o f  G r a b ,  e t  a l .  ( 1 9 8 1 ) ,
M a h l e r ,  e t  a l .  ( 1 9 8 2 ) ,  as w e l l  as t h e  d a t a  p r e s e n t e d  in  t h i s
2 +
r e p o r t  t h a t  t h e  PSD c o n t a i n s  a c t i v e  Ca - c a l m o d u l i n  d e p e n d e n t
k i n a s e  a c t i v i t y  w i t h  t h e  i n t r i n s i c  mPSDp as  a m a j o r
s u b s t r a t e .  C o n s i d e r i n g  t h e s e  f i n d i n g s  and t h e  homology o f
t h e  mPSDp t o  t h e  r h o  s u b u n i t  o f  t u b u l i n  a s s o c i a t e d  c a l m o d u l i n
d e p e n d e n t  k i n a s e  i s o l a t e d  f r o m  c y t o s o l ,  t h e  r e s u l t s  s u g g e s t
t h a t  t h e  mPSDp may be a s u b u n i t  o f  a s i m i l a r  k i n a s e  s y s t e m  in
2 +
P S D ° s .  E n dog e no us  Ca - c a l m o d u l i n  t u b u l i n  k i n a s e  a c t i v i t i e s  
have  been d e m o n s t r a t e d  and c h a r a c t e r i z e d  i n  s y n a p t o s o n e
2 0 3
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( B u r k e  and D e L o r e n z o ,  1 9 8 1 ) ,  s y n a p t o s o m a l  c y t o p l a s m  ( B u r k e  
and D e L o r e n z o ,  1 9 8 2 a ) ,  and s y n a p t i c  v e s i c l e  ( B u r k e  and  
D e L o r e n z o ,  1 9 8 2 b )  p r e p a r a t i o n s ,  s u p p o r t i n g  t h e  e x i s t e n c e  of  
t u b u l i n  k i n a s e  s y s t e m  in p r e s y n a p t i c  n e r v e  t e r m i n a l s .  The  
e x a c t  n a t u r e  and f u n c t i o n  o f  a h o mo l og o u s  k i n a s e  s y s t em in 
p o s t s y n a p t i c  d e n s i t y  i s  s t i l l  u n c l e a r .  N e v e r t h e l e s s ,  t h e  
a p p a r e n t  p a n s y n a p t i c  e x i s t e n c e  o f  such h o mol o gou s  c a l m o d u l i  
b i n d i n g  p r o t e i n s  s u g g e s t s  t h a t  a f a m i l y  o f  r e l a t e d  c a l m o d u l  
b i n d i n g  p o l y p e p t i d e s  may be i n v o l v e d  in  a number  o f  k i n a s e  
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T h i s  d i s s e r t a t i o n  has d e t a i l e d  t h e  p u r i f i c a t i o n  and
2+
c h a r a c t e r i z a t i o n  o f  a c y t o s o l i c  r a t  b r a i n  Ca - c a l m o d u l i n -  
d e p e n d e n t  p r o t e i n  k i n a s e  w h i c h  p h o s p h o r y I a t e s  t u b u l i n  and  
m i c r o t u b u l e  a s s o c i a t e d  p r o t e i n  2 (MAP 2 )  as  m a j o r  s u b s t r a t e s .  
The d i s t i n c t  c h a r a c t e r i s t i c s  o f  t h i s  o l i g o m e r i c  k i n a s e  s y s t em  
ha v e  f a c i l i t a t e d  t h e  i n v e s t i g a t i o n  o f  k i n a s e  a s s o c i a t i o n  w i t h  
i t s  p u t a t i v e  s u b s t r a t e s .  The  r e s u l t s  p r e s e n t e d  h e r e  
d e m o n s t r a t e  t h a t  t h i s  b r a i n  c a l m o d u l i n - d e p e n d e n t  k i n a s e  i s  
a s s o c i a t e d  w i t h  t u b u l i n  and m i c r o t u b u l e  a s s o c i a t e d  p r o t e i n s  
T h u s ,  t h i s  k i n a s e  has been d e s i g n a t e d  t u b u l i n - a s s o c i a t e d  
c a l m o d u l i n  k i n a s e ,  T A C K ) .
W h i l e  s e v e r a l  s t u d i e s  have d o c u m e n t e d  t h e  d e s t a b i l i z i n g  
2 +
e f f e c t s  o f  Ca - c a l m o d u l  in  on m i c r o t u b u l e s  b o t h  j_n v ? t r o  
( M a r c u m ,  e t  a l . ,  1 9 7 9 )  and _i_n v i vo ( K e i t h ,  e t  a l . ,  1 9 8 3 ) ,  t h e  
e x a c t  m o l e c u l a r  me ch an i sm o f  t h i s  phenomenon i s  un kn own .  The  
a s s o c i a t i o n  o f  t h e  c a l m o d u l i n - d e p e n d e n t  k i n a s e  c h a r a c t e r i z e d  
i n  t h i s  d i s s e r t a t i o n  w i t h  m i c r o t u b u l e s  s u g g e s t s  t h a t  t h i s  
k i n a s e ,  t h r o u g h  t h e  p h o s p h o r y l a t i o n  o f  MAP2 a n d / o r  t u b u l i n ,  
may r e g u l a t e  m i c r o t u b u l e  p o l y m e r i z a t i o n .  Two g r o u p s  have  
r e p o r t e d  t h a t  c a l m o d u l i n - d e p e n d e n t  p h o s p h o r y l a t i o n  o f  
m i c r o t u b u l e - a s s o c i a t e d  p r o t e i n s  i n h i b i t s  m i c r o t u b u l e  
p o l y m e r i z a t i o n  _i_n v I t r o  ( Ya ma u c h i  and F u j i s a w a ,  1 9 8 2 ;  
Y amamot o ,  e t  a l . ,  1 9 8 3 ) .  S t i l l ,  t h i s  k i n a s e  may a c t u a l l y  
p l a y  a more g e n e r a l  r o l e  as  a r e g u l a t o r  o f  c y t o s k e l e t a l  
f u n c t i o n .  The p r e s e n c e  o f  t h i s  k i n a s e  s y s t e m  as  t h e  m a j o r
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component  o f  t h e  p o s t s y n a p s t i c  d e n s i t y  i n d i c a t e s  t h a t  t h e
k i n a s e  may be p r e s e n t  in  a number  o f  c y t o s k e l e t a l
c o m p a r t m e n t s .  T h i s  c a l m o d u l i n  k i n a s e ,  and p e r h a p s  o t h e r
h o mo l o g o u s  c a l m o d u l i n - d e p e n d e n t  k i n a s e s  may be l o c a t e d  in
d i s c r e t e  c y t o s k e l e t a l  d o m a i n s ,  and f u n c t i o n  as  r e g u l a t o r s  o f
c y t o s k e l e t a l  d y n a m i c s .
W h i l e  t h i s  w o r k  was in p r o g r e s s ,  s e v e r a l  g r o u p s  have
r e p o r t e d  t h e  p u r i f i c a t i o n  o f  c a l m o d u l i n - d e p e n d e n t  p r o t e i n
k i n a s e s  f r o m  b r a i n .  F u k u n a g a ,  e t  a l .  ( 1 9 8 2 )  r e p o r t e d  t h e
2 +
p u r i f i c a t i o n  o f  a Ca - c a l m o d u l i n - d e p e n d e n t  k i n a s e  c o n s i s t i n g
o f  a 6 4 0 , 0 0 0  o l i g o m e r  o f  4 9 , 0 0 0  d a l t o n  s u b u n i t s .  The
c h a r a c t e r i z a t i o n  o f  t h e i r  k i n a s e  r e v e a l e d  a s u b s t r a t e
s p e c i f i c i t y  much d i f f e r e n t  f r o m  t h a t  f o r  TACK.  In f c , c t ,  t h e
k i n a s e  d i d  n o t  a p p e a r  t o  p h o s p h o r y I  a t e  w e l l  a n y  o f  t h e
s u b s t r a t e s  t e s t e d .  H o w e v e r ,  e x p e r i m e n t s  u t i l i z i n g
m i c r o t u b u l e  p r o t e i n  and h e a t - t r e a t e d  membrane  p r e p a r a t i o n s
seem t o  i n d i c a t e  t h a t  MAP2,  t u b u l i n  and an 8 0 , 0 0 0  d o u b l e t  in
membrane w h i c h  i s  l i k e l y  t o  be p r o t e i n  I a r e  a l l  s u b s t r a t e s
a t  some l e v e l .  I n d e e d ,  i n  a r e c e n t  a r t i c l e  ( Ya ma mo t o ,  e t
a l . ,  1 9 8 3 )  t h e y  o b s e r v e  a m a x i ma l  i n c o r p o r a t i o n  o f  6 t o  10
mol  o f  p h o s p h a t e  p e r  mol o f  MAP2.
N e v e r t h e l e s s ,  w h i l e  t h e  Fuk u n a g a  k i n a s e  seems t o
p h o s p h o r y I  a t e  many o f  t h e  same s u b s t r a t e s  as TACK,  s e v e r a l
m a j o r  d i f f e r e n c e s  e x i s t .  F i r s t ,  and m o s t  p r o m i n e n t l y ,  t h e
k i n a s e  d e m o n s t r a t e s  a K f o r  ATP o f  109 uM,  o v e r  f i f t e e n - f o l d
m
h i g h e r  t h a n  t h e  K o f  7 uM o b s e r v e d  f o r  TACK p h o s p h o r y l a t i o n .
m
S e c o n d ,  t h e  r e l a t i v e l y  l o n g  i n c u b a t i o n  t i m e  used  in a l l  o f
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! t h e i r  s t u d i e s  ( 1 0  t o  60 m i n )  seems t o  be i n d i c a t i v e  o f  a
I
s l o w e r  k i n a s e  a c t i v i t y  t h a n  t h a t  seen  w i t h  TACK.  T h i r d ,  
w h i l e  TACK d i s p l a y s  a v e r y  p r o m i n a n t  and r a p i d  
a u t o p h o s p h o r y l a t i o n  p a t t e r n ,  t h e  k i n a s e  o f  F u k u n a g a ,  e t  a l .  
does  n o t  a p p e a r  t o  p o s s e s s  such p r o m i n a n t  c a l m o d u l i n -  
d e p e n d e n t  a u t o p h o s p h o r y l a t i o n .  F i n a l l y ,  and most  
i m p o r t a n t l y ,  t h e  Fukunaga  k i n a s e  c o n t a i n s  o n l y  one t y p e  o f
4 9 . 0 0 0  d a l t o n  s u b u n i t  i n  i t s  o l i g o m e r i c  h a l o e n z y m e  c o m p l e x .
No i s o f o c u s i n g  d a t a  i s  a v a i l a b l e  on t h i s  enzyme so i t  i s
i m p o s s i b l e  t o  t e l l  w h e t h e r  t h e  F u k u n a g a  s u b u n i t  i s  e q u i v a l e n t
t o  one  o f  t h e  r h o  s u b u n i t s  o f  TACK.  S t i l l ,  a s s u m i n g  t h a t  a
m i n o r  s i g m a - l i k e  s u b u n i t  was n o t  o v e r l o o k e d  by t h e  a u t h o r s ,
t h e n  i t  i s  p o s s i b l e  t h a t  t h e  k i n a s e  i s o l a t e d  by F u k u n a g a ,  e t
a l .  has  been s t r i p p e d  o f  t h e  s i gma  s u b u n i t  d u r i n g
p u r i f i c a t i o n .  T h i s  m i g h t  a c c o u n t  f o r  t h e  d i f f e r e n c e s  in
k i n e t i c s  such as  t h e  h i g h  K f o r  ATP and t h e  l e s s  p r o m i n e n t
m
a u t o p h o s p h o r y l a t i o n .  One c o u l d  h y p o t h e s i z e  t h e n  t h a t  t h e  
s i g ma  s u b u n i t  i s  n e c e s s a r y  f o r  i n  some way a c t i v a t i n g  t h e  
r h o  s u b u n i t ,  p e r h a p s  t h r o u g h  an i n t r a - e n z y m e  p h o s p h o r y a I t i o n  
e v e n t .
Y a m a u c h i  and F u j i s a w a  ( 1 9 8 3 )  p u r i f i e d  a c a l m o d u l i n -  
d e p e n d e n t  k i n a s e  f r o m  r a t  b r a i n  c y t o s o l  w h i c h  i s  an 
o l i g o m e r i c  c o m p l e x  o f  5 5 , 0 0 0  d a l t o n  s u b u n i t s  and "a  f a i n t
6 0 . 0 0 0  d a l t o n  b a n d " .  The k i n a s e  was p u r i f i e d  as an a c t i v a t o r  
, o f  t r y p t o p h a n  5 - m o n o o x y g e n a s e ,  b u t  i t  a l s o  a p p a r e n t l y
p h o s p h o r y I a t e s  MAP2 ( Yamauch i  and F u j i s a w a ,  1 9 8 2 ) .  The  
k i n a s e  seems in  a l m o s t  a l l  ways i d e n t i c a l  t o  t h e  k i n a s e  o f
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F u k u n a g a ,  e t  a l .  N o t a b l y ,  t h e  k i n a s e  d e m o n s t r a t e s  a K f o r
m
ATP o f  70 uM,  an o r d e r  o f  m a g n i t u d e  h i g h e r  t h a n  t h e  ATP K
m
f o r  TACK.
A t h i r d  k i n a s e  has r e c e n t l y  been p u r i f i e d  as  a 
c a l m o d u l i n - d e p e n d e n t  k i n a s e  p h o s p h o r y I  a t i n g  t h e  3 0 , 0 0 0  d a l t o n  
p e p t i d e  f r a g m e n t  o f  p r o t e i n  I ( K e n n e d y ,  e t  a l . ,  1 9 8 3 a ;  
B e n n e t t ,  e t  a l . ,  1 9 8 3 ;  L a i ,  e t  a l . ,  1 9 8 3 a ) .  T h i s  c y t o s o l i c  
r a t  b r a i n  k i n a s e  a p p e a r s  t o  be a l m o s t  i d e n t i c a l  t o  TACK in 
e v e r y  way e x c e p t ,  mos t  i m p o r t a n t l y ,  i t s  s u b s t r a t e  
s p e c i f i c i t y .  The p r o t e i n  I k i n a s e  i s  composed o f  t wo c l a s s e s  
o f  s u b u n i t s  w i t h  m o l e c u l a r  w e i g h t s ,  i s o e l e c t r i c  p o i n t s ,  and  
s u b u n i t  r a t i o s  t h a t  a r e  s i m i l a r  t o  t h e  c h a r a c t e r i s t i c s  o f  t h e  
r h o  and s i gma  s u b u n i t s  o f  TACK.  The  s u b u n i t s  o f  t h e  p r o t e i n  
I k i n a s e  a l s o  show t h e  p r o m i n e n t  a u t o p h o s p h o r y l a t i o n  p a t t e r n  
and s h i f t  i n  m o b i l i t y  d u r i n g  a u t o p h o s p h o r y l a t i o n  t h a t  we have  
r e p o r t e d  f o r  t h e  s u b u n i t s  o f  TACK ( G o l d e n r i n g ,  e t  a l . ,  1 9 8 3 ) .  
F u r t h e r m o r e ,  b o t h  k i n a s e s  a r e  a l m o s t  i d e n t i c a l  t o  t h e  m a j o r  
p o s t s y a n p t i c  d e n s i t y  p r o t e i n  ( G o l d e n r i n g ,  e t  a l . ,  1984 ;  
K e n n e d y ,  e t  a l . ,  1 9 8 3 b ) .
I f  t h e  k i n a s e s  a r e  i d e n t i c a l ,  t h e n  t h e  d i f f e r e n c e  in 
s u b s t r a t e  p h o s p h o r y l a t i o n  may be due t o  d e f i c i e n c i e s  in t h e  
s u b s t r a t e  p r e p a r a t i o n s  u s e d .  I n d e e d ,  t h e  d i f f e r e n c e  in 
g l y c o g e n  s y n t h a s e  p h o s p h o r y l a t i o n  by t h e  t w o  k i n a s e s  i s  
a p p a r a n t l y  due t o  an i n h i b i t o r  p r e s e n t  in t h e  p r e p a r a t i o n  
o b t a i n e d  f r o m  Sigma ( B e n n e t t ,  e t  a l . ,  1 9 8 3 ) .  The  p r o t e i n  I 
k i n a s e  has  r e c e n t l y  been shown t o  be h o m o l og o u s  w i t h  s k e l e t a l  
m u s c l e  g l y c o g e n  s y n t h a s e  k i n a s e  ( M c G u i n n e s s ,  e t  a l . ,  1 9 8 3 ) .
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A 1 t e r n a t i v e I y , t h e  t wo  k i n a s e s ,  w h i c h  a r e  i s o l a t e d  by q u i t e
d i f f e r e n t  p r o c e d u r e s ,  may c o n t a i n  s u b t l e  d i f f e r e n c e s  w h i c h
c o n f e r  s u b s t r a t e  s p e c i f i c i t y .  The p r o t e i n  I k i n a s e  c o n t a i n s
a s i n g l e  5 0 , 0 0 0  d a l t o n  s u b u n i t  s p e c i e s .  H o w e v e r ,  t h e
c a l m o d u l i n - d e p e n d e n t  p r o t e i n  I k i n a s e  has n o t  been r e s o l v e d
on a h i g h  r e s o l u t i o n  SDS-PAGE s y s t e m  t h a t  wo u l d  s e p a r a t e  t h e
r h o  and r h o  s u b u n i t s  as in TACK.  T h u s ,  t h e  p r o t e i n  I 
1 2
k i n a s e  may be m i s s i n q  t h e  m i n o r  r h o  s u b u n i t  w h i c h  c o u l d
2
i n c r e a s e  t u b u l i n  p h o s p h o r y l a t i o n  and d e c r e a s e  p r o t e i n  I
p h o s p h o r y l a t i o n .  The two k i n a s e s  m i g h t  t h e n  r e p r e s e n t
h o mo l o g o u s  members  o f  a f a m i l y  o f  r e l a t e d  c a l m o d u l i n -
d e p e n d e n t  k i n a s e s  ( s e e  b e l o w ) .
The s u b u n i t  c o m p o s i t i o n  o f  TACK p o s e s  some i m o p r t a n t
s t r u c t u r a l  q u e s t i o n s .  As i s o l a t e d ,  t h e  k i n a s e  i s  composed o f
f o u r  d i s t i n c t  s u b u n i t s ,  two o f  a p p r o x i m a t e l y  5 3 , 0 0 0  d a l t o n s
( r h o )  and t w o  o f  a p p r o x i a m t e I y  6 3 , 0 0 0  d a l t o n s  ( s i g m a ) .  A l l
f o u r  o f  t h e  b a n d s  a r e  c a l m o d u l i n - b i n d i n g  p r o t e i n s  and
p r e l i m i n a r y  e v i d e n c e  u s i n g  p h o t o  I a b e I  I i n g  by 8 - a z i d o - A T P
i n d i c a t e s  t h a t  a l l  f o u r  bands a r e  A T P - b i n d i n g  p r o t e i n s .  The  
125
C l 3 “ t r y p t i c  p e p t i d e  maps f o r  s i gma  and s i gma  a r e
1 2
i d e n t i c a l ,  s u g g e s t i n g  a p o s s i b l e  e n d o g e n o u s  p h o s p h o r y l a t i o n
o f  s i gma  t o  p r o d u c e  s iqma . The p e p t i d e  maps f o r  r h o  and  
1 2  1 
r h o  , w h i l e  t h e y  a p p e a r  s i m i l a r ,  a r e  c l e a r l y  d i s t i n c t  f r o m  
2
e a c h  o t h e r .  One can  n o t  r u l e  o u t  t h e  p o s s i b i l i t y  t h a t  some
m o d i f i c a t i o n  o f  r h o  , such as p h o s p h o r y l a t i o n ,  m i g h t  a l t e r
1
t h e  p e p t i d e  m a p p i n g  p a t t e r n  by s h i e l d i n g  t r y p s i n  c l e a v a g e
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p r e l i m i n a r y  e v i d e n c e  s u g g e s t s  t h a t  a l a r g e  a mo u n t  o f  t h e
c y t o s o l i c  r h o  e x i s t s  I n d e p e n d e n t  o f  t h e  TACK c o m p l e x .  T h u s ,  
2
t h e  p r e p o n d e r a n c e  o f  e v i d e n c e  p r e s e n t l y  i n d i c a t e s  t h a t  r h o
1
and r h o  p o l y p e p t i d e s  a r e  d i s t i n c t  e n t i t i e s .
2
The e x i s t e n c e  o f  a k i n a s e  w i t h  m u l t i p l e  c a l m o d u l i n -
b i n d i n g  s u b u n i t s ,  a l l  o f  w h i c h  a p p e a r  t o  have  c a t a l y t i c
a c t i v i t y  has n o t  been r e p o r t e d  p r e v i o u s l y .  A t  t h i s  t i m e  we
can n o t  d e t e r m i n e  w h e t h e r  t h e  k i n a s e  a c t u a l l y  c o n s i s t s  o f  a
c o m p l e x  o f  m u l t i p l e  c a l m o d u l i n - d e p e n d e n t  k i n a s e s  f o r  m u l t i p l e
s u b s t r a t e s .  Such a r e s u l t  m i g h t  e x p l a i n  t h e  b r o a d  s u b s t r a t e
s p e c i f i c i t y  o f  TACK and s i m i l a r  k i n a s e s .  A l t e r n a t i v e l y  t h e
c o m p l e x  may c o n s i s t  o f  a c a t a l y t i c  k i n a s e  u n i t  and a u n i t
w h i c h  r e g u l a t e s  t h e  c a t a l y t i c  u n i t  a l s o  t h r o u g h  c a l m o d u l i n -
d e p e n d e n t  p h o s p h o r y l a t i o n .  The l a t t e r  h y p o t h e s i s  m i g h t
e x p l a i n  t h e  h i g h  K f o r  ATP seen in  t h e  k i n a s e  o f  F u k u n a g a ,
m
e t  a l .  ( 1 9 8 2 )  w h i c h  may be d e v o i d  o f  t h e  s i g m a  s u b u n i t .
I r r s p e c t i v e  o f  t h e  d i f f e r e n c e s  o f  t h e  r h o  and r h o
1 2
s u b u n i t s ,  t h e  r h o  and s igma s u b u n i t s  o f  TACK may be 
r e p r e s e n t a t i v e  o f  a f a m i l y  o f  homol ogous  c a l m o d u l i n - d e p e n d e n t  
k i n a s e s .  Our  r e s u l t s  on t h e  homol ogy  o f  t h e  m a j o r  
p o s t s y n a p t i c  d e n s i t y  p r o t e  in  w i t h  TACK s u g g e s t  t h a t  TACK 
s u b u n i t s  may be m o d i f i e d  t o  f a c i l i t a t e  t h e i r  a s s o c i a t i o n  i n t o  
t h e  i n s o l u b l e ,  me mb r a n e - b o u n d  p o s t s y n a p t i c  s p e c i a l i z a t i o n .  
F u r t h e r m o r e ,  i t  I s  b e co mi ng  I n c r e a s i n g  c l e a r  t h a t  t h i s  k i n a s e  
I s  s i m i l a r  and  p r o b a b l y  homol ogous w i t h  n o t  o n l y  o t h e r  b r a i n  
c a l m o d u l i n - d e p e n d e n t  k i n a s e s ,  b u t  a l s o  w i t h  s e v e r a l  k i n a s e s  
i n  p e r i f e r r a l  t i s s u e s ,  i n c l u d i n g  g l y c o g e n  s y n t h a s e  k i n a s e  in
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l i v e r  (Ahamd,  e t  a l . ,  19 8 2 )  and s k e l e t a l  m u s c l e  ( W o o d g e t t ,  e+  
a l . t 1 9 8 3 ;  M c G u i n n e s s ,  e t  a l . t 1 9 8 3 )  and S6 r i b o s o m a l  p r o t e i n  
k i n a s e  i n  p a n c r e a s  ( G o r e l i c k ,  e t  a l . ,  1 9 8 3 ) .  T h u s ,  w h i l e  
r e c e n t  work  has s t r e s s e d  t h e  d i v e r s i t y  o f  c a l m o d u l i n -  
d e p e n d e n t  k i n a s e s  in c o m p a r i s o n  w i t h  c A M P - d e p e n d e n t  k i n a s e ,  
i t  w i l l  be i m p o r t a n t  t o  c o n s i d e r  w h e t h e r  t h e s e  homol ogous  
k i n a s e s  a r e  a c t u a l l y  d i s t i n c t  o r  r a t h e r  e v o l u t i o n a r y  p r o d u c t s  
o f  gene  d u p l i c a t i o n  and m o d i f i c a t i o n .  Such c l a r i f i c a t i o n s  
a w a i t  t h e  p r o d u c t i o n  o f  a n t i b o d i e s  and t h e  u l t i m a t e  
i d e n t i f i c a t i o n  o f  t h e  genes  r e s p o n s i b l e  f o r  k i n a s e  
p r o d u c t i o n .  In a d d i t i o n ,  on a c c o u n t  o f  t h e  t h e  b r o a d  and  
s o m e t i m e s  u n e x p e c t e d  s u b s t r a t e  s p e c i f i c i t i e s  o f  c a l m o d u l i n -  
d e p e n d e n t  k i n a s e s  ( e . g .  s k e l e t a l  m u s c l e  g l y c o g e n  s y n t h a s e  
k i n a s e  p h o s p h o r y I a t e s  t h e  b r a i n - s p e c i f i c  p r o t e i n  I b e t t e r  
t h a n  g l y c o g e n  s y n t h a s e  i t s e l f ;  M c G u i n n e s s ,  e t  a t . ,  1 9 8 3 ) ,  i t  
seems l i k e l y  t h a t ,  as  in t h e  c a s e  o f  c A M P - d e p e n d e n t  p r o t e i n  
k i n a s e ,  t h e  k i n a s e  s u b s t r a t e  t a r g e t  w i l l  be d e t e r m i n e d  
g r e a t l y  by t h e  m i c r o d o m a i n  in  w h i c h  t h e  k i n a s e  e x i s t s .
In l i g h t  o f  t h e  p h o s p h o r y l a t i o n  by c a l m o d u l i n - d e p e n d e n t  
k i n a s e s  o f  a number  o f  c y t o s k e l e t a l  p r o t e i n s  i n c l u d i n g  
t u b u l i n ,  MAP2,  t a u  p r o t e i n s ,  my os i n  l i g h t  c h a i n s ,  and p r o t e i n  
I ,  c a l m o d u l i n  k i n a s e s  may p l a y  a m a j o r  r o l e  in  d y n a m i c  
p r o c e s s e s  n e c e s s a r y  f o r  t h e  c o n s t a n t  r e s c u l p t i n g  o f  t h e  
c y t o s k e I e t o n . E n t a n g l e d  in t h e  meshwork o f  c y t o p l a s m i c  
f i l a m e n t s  c a l m o d u l i n - d e p e n d e n t  k i n a s e s  may r e g u l a t e  numerous  
f i I a m e n t - 1 i I  a m e n t , f i  I a m e n t - m i c r o t u b u I e , and f i l a m e n t -  
membrane i n t e r a c t i o n s  a c c o r d i n g  t o  t h e  do ma i n  in w h i c h  t h e y
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a r e  s i t u a t e d .  Such a mechani sm i s  e s p e c i a l l y  a p p e a l i n g  in  
c o n s i d e r a t i o n  o f  s y n a p t i c  f u n c t i o n ,  s i n c e  i n f l u x  o f  c a l c i u m  
i on  d u r i n g  d e p o l a r i z a t i o n  o f  t h e  n e r v e  t e r m i n a l  and f u s i o n  o f  
s y n a p t i c  v e s i c l e s  m u s t  be f o l l o w e d  by e x t e n s i v e  movement  in  
t h e  s y n a p t o p l a s m  t o  b r i n g  more s y n a p t i c  v e s i c l e s  i n t o  
p o s i t i o n  f o r  r e l e a s e .  T h u s ,  p h o s p h o r y l a t i o n  e v e n t s  t r i g g e r e d  
by a wave  o f  c a l c i u m  ion  mov i n g  back  t h r o u g h  t h e  t e r m i n a l  
c o u l d  m e d i a t e  c y t o s k e l e t a l  a l t e r a t i o n s  n e c e s s a r y  f o r  
r e s e t t i n g  t h e  n e r v e  t e r m i n a l  t o  p r e - e x c i t a t i o n  e q u i l i b r i u m  
s t a t e .  F u r t h e r  i n v e s t i g a t i o n s  o f  t h e  r o l e  o f  c a l m o d u l i n -  
d e p e n d e n t  k i n a s e s  i n  c y t o s k e l e t a l  d y n a m i c s  may p r o v i d e d  a 
c o n c e r t e d  scheme f o r  m a i n t e n a n c e  o f  s y n a p t i c  m a c h i n e r y  f o r  
n e u r o t r a n s m i s s i o n .
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